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Abstract 


Semi-insulab'ng Gsrflium Arsenide has emerged as an important technological material 
apart from its privileged use as a substrate for a GaAs based Technology. This has 
necessitated a thorough understanding of its properties from the view of its growth arul 
its applications. Standard fiterature attributes most of the photo-electronic properties of 
semi-insulating gallium arsenide to the presence of a mid-gap level due to a native 
defect termed EL.2, which is usually present in very large concentration. However, in 
many sampl^ deperxting on various factors, EL2 is present in a very low corKentration. 
The aim of this work has been to focus on such a sample, where many other trap levels 
and recombination centres are present, and investigate the various photoetectronic 
phenomena in order to understand the role of these defect centers. 

General characterization has been carried out to obtain an understacKiing of the 
various traps present in the materia through thermaBy stimulated current (TSC) 
nreasurements. Steady state photoconducfivHy measurements were carried out for a 
large temperature range from 20K to room temperature, and for a wide range of 
excitation intensities. Time domain measurements, TSC and thermaBy stimulated 
photocurrent (TSPC) measurements have been done for different initial conditions of 
trap filling at low temperatures. 

The sami:^ exhforts the preserKe of tr^ rKMmsrity present in semi insulating GaAs. 
showing six traps with two dominant orres with activation errergies 0.32 eV and 0.45eV. 
The temperature deperxience of photoconductivity due to intrinsic fight (676nm), with 
intensity as a parameter shows that at low temperature (50K-^25K) the temperature 
dependence is controlled by position of quasi-Fermi levels whk^ in turn are controlled by 
light intensity. Two traps at 0.3eV and 0.45eV have been inferred from presence of two 
shoulders in the plot, these values beirrg in agreement with the dominant traps observed 
in the TSC spectrum. 

Little of no photoquencfung is observed with high intensity IR an observation in 
direct contrast to behavior in samples contaning large concentration of EL2. IR radiation 
tends to quench the TSC peaks stmuttarreousiy, and an isotherm^ anne^ at 
temperatures of 110K - 120K recovers the peak h^hts. This can be explained on the 
basis of change in the occupation of lifetime controlHng recombination centers with IR 
radiation and temperature and not due to »iy configurational changes of defects or 
metast^biiity. The TSPC data for different heating rates show that of the two peaks 
observed, only one correspond to a thermaBy activated process. 

Low temperature photoconductivity transients with specially designed sequence of 
operation with white fight, IR and 676nm shows that intense white light desensitizes the 
|ri>otocorKluctor due to filling of centers in the gap. The sen^tizing abffity of IR rarfiation 
is dependent on the initial occupation cfistribution of centers, indicating that the dominant 
center controling the lifetime can be changed with proper choice in initial conditions. 

We have shown by focussing on a typical undoped SI GaAs setmple that conventional 
Shockiey-Read-Hei kinetics is a^uaie to explain IR quenching of trap activity in 
samples coritairiing low coricefitralion of EL2 ceriters 
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Chapter 1 : Introduction 


1.1 Why Semi-insulating Gallium Arsenide. 

Among the technologically important materials that interests material scientists, 

gallium arsenide has been one of the most promising, and substantial part of the promise 
has now been translated into many applications unattainable using other semiconductors. 
In spite of two to three decades of its use in the industiy and as a research material in tire 
laboratory, several aspects of a gallium arsenide as a technological material continues to 
offer challenges to the material scientist. The role of various intrinsic defects in 
determining photoelectronic properties is one of many such problems where current 
understanding is far fiom coherent, despite forty years of research. 

In the micro-electronic industry, the role of a suitable substrate is of importance, and 
one of the prime requirements of a substrate material is that it should be structurally 
identical to the epitaxial layer in terms of crystal parameters. In many applications it is 
required that its electrical conductivity should be extremely low. Theoretically the most 
straightforward, and practically the most difficult way to bring about high resistivity is to 
minimize the impurity concentration by minimizing impurity incoiporation during 
growth or processing. The limitations posed by growth technology do not allow this. 
However in case of GaA.s, it has been possible to obtain extremely high resistivity 
material irrespective of presence of impurities, under certain conditions of crystal growth 
wherein intrinsic defects play the role of compensating centers. In absence of a good 
native oxide layer of GaAs, the role of an isolating material^ such as that played by SiOa 
in silicon based devices, has been taken up by this widely available material. 

The materials science aspect of the problem is to optimize the growth conditions under 
which the high resistivity could be reproduced. The physics aspect, on the other hand, 
tries to investigate the origins of this particular behavior. The deluge of data highlighting 
various characteristics, all of them tentatively linked to a single unique source, has made 
it difficult to construct a single model that can coherently explain all the various aspects. 
It has been stated that with the increase of each electron volt of band gap, the complexity 
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increases manifold, as the presence of deep levels alters the property of the 
semiconductor to an extent that diey control basically all the photoelectronic parameters. 

In the special case of high resistivity, or semi-insulating GaAs, the presence of a single 
trap level with extremely high concentration has been detected in specially grown 
samples. The presence of this defect in not intentionally doped material tends to control 
almost all the electrical properties, as the Fermi level is firmly pinned to the associated 
deep level, calculated to be near the center of the band gap. However the system is made 
much more complicated due to the presence of other impurity centers, which also affect 
the properties of the crystal especially in samples where the concentration of this 
particular impurity is low. 

There is a history of intense study of this material for over forty year^, and over this 
period, there have been many changes m the general underatanding in the physics of die 
problem. In die 60's and 70’s the property was thought to be due to the presence of 
impurities present in the material, incorporated during growth, and oxygen was thought to 
be a prime suspect. Various properties of the material, including the characteristic 
photoelectronic properties have been studied in detail at this time, and attributed to the 
oxygen doping. This was completely negated by works in the 80's when it was 
conclusively proved that the imperfection was a native defect, most probably a complex 
structure in which a native defect was a prime constituent. This imperfection had a 
characteristic level in the middle of the band gap, and was named EL2. This native defect 
was later proved to be an As©, antisite, and the general mechanism of the particular 
phenomena related to semi-insulating GaAs was also tentatively put down. The early 90's 
threw up yet another aspect of the problem when several groups showed diverse 
properties which could not be understood from existing dieories. One major contributor 
to the apparent confusion is that the impurity incorporation in a material is extremely 
dependent on the crystal growth processes, and over the last few decades there has been a 
virtual revolution in this field. Also even within a single ingot there has been seen a 
distributicm of imperfections, and hence a variation in the sample properties. 

It is in this teckdrop that we have decided to turn our attention to this enigmatic and yet 
conse(]uential material. To study the different phenomena, and to try and present a 
cohesive picture of die mechanism which bring about these. 
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1.2 Motivation of this work 

In spite of the understanding on the single most important defect center called EL2 in 
undoped semi-insulating GaAs, there has been a variety of interesting and not-so-well 
understood effects observed in the material. There has been a resurgence in die interest in 
these effects since their understanding would help standardizing characterization of these 
substances better. Further, most explanation of unusual phenomena in his material carmot 
be traced to some simplistic phenomenology involving EL2 alone. 

During the course of earlier work on this material, we came across samples whose 
properties resembled normal undoped SI GaAs in many respects but did not show 
conventional signature of presence of the EL2 defect in large concentration. To date most 
experiments and explanations have centered around E12 so that samples with low or no 
EL2 concentration have been neglected. It appears that the investigation of such samples 
hold the key to the development of a more wide ranging phenomenology to account for 
various changes of observations regarding nature of compensating centers and their role 
in controlling lifetime and trapping. 

This work was aimed at setting up a computer-controlled facility to be able to cany out 
conventional characterization such as 

(i) Thermally stimulated current and its variations 

(ii) Temperature dependence of photoconductivity and 

(iii) Photocurrent decay and transient characteristics. 

In studying trap related phenomena in undoped semi-insulatir^ GaAs at low 
temperatures, tire choice of excitation conditions in determining initial conditions play a 
vital role. In this work we have used white light, monochromatic light of energy larger 
than band-gap, and infiaied subbandgap energy in varying intensities. 

In other words we set out to investigate photoconductivity and trap related low 
temperature phenomena which would help characterize and understand deep levels better 
in this material. 

In a nutshell it can be stated that if a sample of GaAs is taken to low temperatures and 
exposed to infiared light, the |*otoconductivity reduces drastically due to an effect 
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generally referred to as optical quenching. This optical quenching is normally seen for 
photoconductivity as well as in a trap characterization tool called thermally stimulated 
current spectroscopy. The mechanism for both these processes are usually taken to be 
identical, and a host of publications has come out on this topic. 

Our results show primarily that, while the optical quenching of thermally stimulated 
current has been seen to be complete and substantial, under the same conditions and for 
same sample, the photoconductivity remains unquenched. This has important significance 
on the underatanding of the role of deep levels in the material. The entire experimental 
work, elaborate as it may appear at the first glance, basically are directly related in the 
pursual of this strange property, and in trying to describe and explain the reasons for the 
anomaly. Since the properties of this material is strongly dependent on various 
parameters, such as temperature, wavelength of excitation source, time, etc, as well as the 
history of sample excitation, some of the experiments performed has become rather 
involved. They can be called designer experiments, where one attempts to look at the 
dependence of properties on each of these parameters individually and also their cross- 
sensitivities. In a more ambitious scale, this work attempts to construct a possible 
phenomenological explanation invoking the structural and configurational changes of the 
dominant defects in the material. 

1.3 Thesis layout 

The photoelectronic properties exhibited by any material can be classified into a 
general, which is present in most of foe similar type of materials, and foe specific, which 
is unique to that material. Chapters 2 and 3 are devoted to briefly outline foese. Chapter 2 
gives an overview of general optoelectronic processes, the material parameters such as 
lifetime and ctmductivity, and linking them to the trap properties of type, density, energy 
position and capture cress section. Special emphasis is given to foe description of 
impurity center behavior using concepts such as demarcation levels; and to foe 
characterization of trap levels by various methods. 

Chapter 3 gives a brief, quasi-chronological account on foe development of foe 
understanding of nature and origin of specific optoelectronic material properties of semi- 
insulating GaAs, specially those arising out of foe presence of deep level traps. Stress has 
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been given on the divergence of opinions in various controversial aspects of the material. 
Also, it tries to prepare the stage for the experimental results and their explanations of 
this work. 

Chapter 4 discourses the experimental set-up, the experiments conducted, and the raw 
data that has been obtained. In order to facilitate the explanation of die 'designed 
experiments', we have also presented a background, describing the general experimental 
procedures usually followed to characterize trap-related phenomena in photoconductors 
in general, and in SI GaAs in particular. 

In chapter 5, the experimental results and discussions have been broken into tibree broad 
categories. The preliminary experiments provide the boundaries of the operating space, in 
terms of range of voltages currents and wavelengths to be used, and general 
characterization of the material. The main experimental section describes the different 
experimental procedures and results. The third section shows the experiments that have 
been performed, but not looked into in detail, and as such present a pointer to future 
direction of work,. It also discusses at length the experimental results, and tries to explain 
in terms of a suitable simplified model, all the diverse phenomena. 

Chapter 6 sums up the entire work, and tries to bring out the major points that the work 
tries to address. 
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Chapter 2 Photoelectronic Processes & levels in 
Semiconductors 


This work is fundamentally based on the presence of deep levels in semi-insulating 

GaAs. These impurity centers, or intrinsic defects, cause the material to exhibit its 
characteristic properties. Some of these properties are common to most photoconductors 
with a band-gap similar to that of GaAs, such as GaSe, CdSe etc, while some are unique 
to this material. It is therefore imperative that the general behavior of deep levels in 
insulators and semiconductors, especially their effect on the photo-electronic processes, is 
understood clearly, before going into their specific behavior m GaAs. 

This chapter attempts to give an overview of the different photo-electronic processes, 
specially those related to the presence of an impurity level. We list significant material 
parameters, such as lifetime and sensitivity and their dependencies on the trap parameters 
such as trap nature, density, energy level and capture cross section. 

2.1 Electron Processes In Crystals 

We begin with the question, "what can happen when a crystal is exposed to radiation?" 
The different processes that take place when a semiconductor is exposed to an exciting 
radiation can be classified according to the accompanying electron transitions. They are 
(1) Absorption and Excitation, (2) Trapping and Capture and (3) Recombination (fig 2.1). 

2.1.1 Absorption and excitation 

There are various possible types of absorption transitions, which result in 
photoconductivity. The band to band transition (a) is caused in the absorption of Ae 
photon in the crystal itself, resulting in the formation of a firee electron and a ftee hole. 
The transition may be due to an absoq>tion in a localized imperfection leading to a fioe 
electron and a hole bound in the locality of the imperfection (b). The odier possibility is 
the raising of an electron fiom a valence band to the unoccupied imperfection level (c) 
leading to a fioe hole and a bound electron. The related spectra for these three and other 
related processes are given in fig (2.2). 
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Fio 2.1 Common electronic tr«mltiono in photoconductore. 
(«) Absorption; (b> Trepptng end cepture; (c) reccmribirieticNri 


2.1.2 Trapping and capture 

This is the process in which the carriers are temporarily localized at different 
imperfections that are called trapping centers before being re-excited to the free state. 
This is more likely if die energy level of the center is near the band edge, but the final 
nature of the center is determined by kinetic conditions, that is temperature and 
excitation, and is not dependent on the nature of the centers themselves. 

2.1.3 Recombination 

This is a process in which the carriers recombine with another carrier of the opposite 
charge. This can be by recombination of free carriers, which can be radiative, emitting a 
photon of energy equal to the band gap. However, the usual case is when the this occurs 
through recombination centers, either a free electron being captured by a excited center 
containing a hole or vice versa. 
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fig 2. 2 representative Absorption spectra and emission spectra 

(1) Absorption transition from valence band to conduction band; (2,5) absorption 
from imperfection level to conduction band; (34) absorption transition from 
valence band to imperfection level; (B) Emssion transition for recombination 
betwree free electrons and free holes; (6,7,9,10) emission trnsition for recombination 
at an Imperfection centre. 


2.2 Fundamental relations in electron processes 

The conventional way to describe the photo-electronic processes is through the position 
of Fermi levels, which gives the occupational probability of the different trap levels and 
the bands. We now derive the dependency of the electronic properties of a material on the 
Fermi level. 

The number of occupied states in unit volume of a material («), which again is the 
density of carriers in the conduction band, is given by the relation 

n=“\f{E)N(,E)dE ( 2 . 2 , 1 ) 

Where the f(E) in the occupational probability, and N(E) is the density of states function. 
Substituting the values of these functions, under the conditions of (1) non degeneracy and 
(2) spherical constant energy surfaces we get 
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p ~ A^^exp 



(2.2.5ii) 


The Efr and E^, are absolute value of the energy difference between the Fermi level and 
the bottom of the conduction band or top of the valence band. 

On the other hand, the electron concentration for imperfection levels is given by an 
expression of the form 




( 2 . 2 . 6 ) 


where A/ is the total number of traps having an energy level Ej and traps are occupied 
at temperature T. 
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(«) 


(b) 


fig (2^ Energy level diagram for (a) if donor levels 

P 

(b) N donor levels and ^ acceptor levels 


2.3 Fermi-level analysis of conductivity. 

We now link the photoconductivity of a material with the position of the Fermi levels. 
In a simplified case, which nevertheless is the usual one in practice, we assume that the 
conductivity in a material is associated to one type of carriers only. The conductivity 
expression is given as 

o = ne^ (2.3.1) 


iV^^.eiiexp 




kT 


(2.3.2) 


Here o is the conductivity of a material, and p is the mobility of free carriers, here 
electrons. 

Here, from eq(2.2.4, 2.2.5).. The dependence of p with temperature is, if the 

mobility is only dependent on crystalline phonons and not on impurity scattering, as 

-V 

poor . Then the conductivity will vary with temperature as 
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(2.3.3) 


f 


CT = Cexd 



y 


where C is a constant. 

From the relation we can see that the slope of In(CT) vs. 1/r plot in given by -Ep/k. So if 
tihe temperature dependence of conductivity is found, the position of the Fermi level can 
be determined. 

We consider the case of a semiconductor, which has No donor concentration, and the 
donor level is at a distance E from the conduction band (fig 2.3). The equilibrium value 
of «, the carrier concentration, will be determined when the thermal excitation of the 
electrons from the donor level to the conduction band is equal to the rate of capture of the 
free carriers by the ionized donors. Here we are taking the case of an insulating material 
and neglecting the generation of carriers by band to band transition. 

The rate of generation of free electrons by thermal excitation is given by 
(A^P — w)vexp(— EjkT) where the is the numbers of donors not ionized, v the 


attempt to escape frequency. The rate of capture of fi^e electrons by ionized donors is 
given by Svth n^. where S is the capture cross section for a free electron, and the Vj* is the 

thermal velocity, given by = 



The equation for the equilibrium as discussed above is given by 


(iVp-n)vexd 


( E 


V kTj 

The relation for attempt to escape frequency is 

V 


SvtHfi 


NrV, 


C^th 


which, substituting forNcis 




h^) 


{kTf 


(2.3.4) 


(2.3.5) 


(2.3.6) 


which means that at any temperature the attempt to escape frequency for a particular 
center is directly proportional to die capture cross section for the carrier. 
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The equilibrium value for free electron concentration as given by (2.5) is substituted 
into the equation to get the relation for the equilibrium Fermi level 




E 

2 


kT 


In 






(2.3.7) 


which is true for the initial assumption of a single donor type impurity level. For a crystal 
where there are donors as well as acceptors, we have the relation 


{No-f^A 



= Sv^n{n + Nj) 


(2.3.8) 


leading to a relation 


r 


E^=E + kT]n 


N. 






in the common case of n«NA- For n»NA, the relation is 


(2.3.9 a) 


r 


Ej„=^ + kT\n\ 


Nr 




{N^-NJ 


(2.3.9b) 


2.3.1 The Quasi Fermi Level 

For steady state equilibrium under external excitation, there is exchange between 6*66 
carriers in the conduction band and the electrons in trapping centers. We can define a 
quasi-Fermi level for each type of carriers, i.e. both electrons and holes, such that the 
position of which determines the occupancy level of the centers lying between it and the 
nearest band. The occupancy of the levels lying between the quasi-Fermi levels are 
determined by recombination processes. 

The rate of change of carrier concentration during a constant rate of excitation/e-h pairs 
per second is given by 


dn 

Tt 


f-riN, 


-«K5„+n;A'c'S„exp 


f 


Ej^ 


kT 


(2.3.10) 


dt 


'■ f “ njpVfhSp + {Nj - «/ )NvS pV,f, exp 


kT 


(2.3.11) 
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where n and p can be substituted by eqn.(2.2.5), to bring in the electron and hole Fermi 
levels. 


For steady state conditions we have = = 0 the solution to the above 

equations for Efr gives 

r" in -»-» \ *1 

/ 


ex« 






kT 


A 


1-exd 




J 




(2.3.12) 


where E is the value of the thermal equilibrium in the dark (fN)). For sufficient 
excitation, Ej^^ ~^fii equation gives the approximate solution for 


Ey^=kTln\ 


NciNj -nj)v,f,S„ 

= kt\n 

fJVc) 

/ J 

1 " J 



E^ = kT\n\ 


niK-^thSn 


f 


r 


kt\n 


Adding the two, we get + E^ = kT In 
This can be substituted to give 


J 

y J 






(2.3.13) 


(2.3.14) 




Ey,+E^=EG-kTy, 


J 


(2.3.15) 


This can be understood from (fig 2.4) which shows the position of the levels. The 
occupancy of the electrons are described by the electron quasi-Fermi level located at 
E ^ fiom the conduction band and the occupancy of the holes from the hole quasi Fermi 

level, at E^from the valence band. The difference in energy between the two is a 
fimction of the rate of e-h pair generation f. 


For dark conditions /= 0, and we know that np = n/ , so (2.3.1 5) can be written as 


Efr+Ejp -E q 

Therefore the position of and E^, are identical for the dark conditions, where all the 
free carriers are due to fiiermal excitations. 
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2.4 Photoconductivity processes 


We now look into the process of photoconductivity, that is electrical conductivity 
processes in a crystal while being exposed to an photonic excitation. The basic principles 
of these phenomena and the various parameters associated are now discussed. The 
photoconductivity in most crystals is dominated by the various trapping centers that are 
usually present, and such phenomena as such form a major part of this work. These are 
treated in some detail in the next section. 

2.4.1 Parameters involved in photonic excitation 

The general mechanism for the photoconductivity mechanism in crystals is understood 
under the assumption that the material in question is homogenous in nature. TTie 
conductivity of an insulator or a semiconductor is stated as 

<5 = e(n\i„ +p\ip) (2.4.1) 

The photoconductivity that results on excitation by an absorbed radiation, increasing the 
free carrier concentration is given by 

Act = + l!sp\ip ) (2.4.2) 

In an insulator the value of An and Ap may be much larger than tiiat corresponding to the 
free-canier densities in the dark, and the opposite being true for a semiconductor where 
the effect of external excitation can be taken as a perturbation on a large dark carrier 
density. 

There are two implicit assumptions made to simplify the calculations which are true for 
most cases. 

1. The conductivity is dominated by one of the carriers 

2. The crystal stays neutral during photoconductivity processes without a buildup of 
appreciable space charge in the crystal. 

The free lifetime of a carrier can be defined as the time a charge carrier is free to 
contribute to the conductivity. It is the time an free electron excited to the conduction 
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band stays in the band, without undergoing recombinations and without being extracted 
from the crystal by an applied field. 

This can be expressed as 

fc„=An 

f^p=^ (2-4.3) 

Where the tp and Tn are free carrier lifetimes for holes and electrons 

) (2-4.4) 

The photosensitivity of a material is defined as the photoconductivity per unit excitation 
intensity. The photoconductivity gain G is the number of carriers which pass between the 
electrodes of the photoconductor per second by absorption of each photon. 

— = GF (2.4.5) 

e 

where AI is the photocurrent, F is the total number of e-h pairs being created, i.e. 
F = f {volume). The gain can be expressed as the ratio of the free lifetime of a 
carrier to the time required to move between the electrodes, called transit time. 

q^Iil + Ie. ( 2 . 4 . 6 ) 

^ p 

where the t„ and tp are the transit times of the holes and electrons. 

"Hie free earner lifetime of a carrier is dependent on the presence of recombination 
centres and trapping centres. 

T = (v,jSAr)'' (2.4.9) 

where va, is the thermal velocity and S is the capture cross section of a recombination 
centre. 

2.4.3 Recombination kinetics in the absence of trapping 

The simplified model of a recombination in a photoconductor, where trapping centres 
are neglected is now discussed. 

For steady-state conditions, the total rate of free-carrier generation is equal to the total 
rate of free carrier recombination. In the dark 
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(2.4.8) 


TSi=noVth^SiNi 

i i 

where no is the concentration of free carriers, and g, the rate of thermal generation from /- 
type centres. 

If an additional density of An is now introduced by optical generation of rate f, we have 

/ + = ("O + (2.4.9) 

i i 

If we assume a single recombination centre, from which both optical and thermal 
generations take place, we obtain 


nQ+ An = 





(2.410) 


T = [v,;,5(no+A«)]"^ 


(2.4.11) 


For an insulator, ncf«An and g«f. 


An = 



W) 


(2.4.12) 


'^ = [vrt'5(«0+A«)r (2-4.13) 

The photocurrent varies as the square root of the light intensity, and the lifetime is 
inversely proportional to the photocurrent. The simple picture is unable to explain most 
of the experimental results, where the photocurrent varies as light intensity between 1/2 
and 1 , and sometimes more than 1 . 

For a semiconductor, n^>An, and we get 

f 

An = -^ (2.4.14) 

"o'’ihS 

(2.4.15) 

Here the photocurrent varies directly as the first power of light intensity, and to a first 
appro ximat ion lifetime is independent of light intensity and equal to the lifetime of free 
carriers of an unilluminated semiconductor. 
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(«) (b) 


fig i^A) (a) Fermi level for fiiermal equilibrfum: 

(b) Quasi Fermi levels for steady state optical exdtafion 


2.5 Traps and trap dependent photoconductivity. 

Traps stre impurity centers in a material, which capture and release carriers but do not 
take part in the rm)mbination process. They play a fundamental role in the energy 
storage, in all electronically active materials by spatially localizing an excited carrier. The 
carrier is held immobile, till excited optically or thermally. 

The demarcation between a trapping and a recombination center depends on the relative 
magnitudes of the probability of the carrier being thermally freed from a trap after 
capture to the probability of recombination with a carrier of opposite charge occurring at 
the center. This can be put mathematically that for a center to behave as a electron tr^ 
rather than a electron recombination center is. 


niPVfhSp « 




kT 


( 2 . 5 . 1 ) 
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and vice versa. 

This can be further imderstood by use of demarcation levels, as given in fig (2.5). This 
is true for an insulator, where the density of photoexcited carriers is much larger than 
thermally generated carriers. 



fig (2.5) quasi-Fermi levels and demarcation levels of a insulator 


When the electron is at a electron demarcation level, it has equal probability of getting 
detrapped by thermal energy, and of recombination with a free hole. The occupation of a 
state lying above the electron demarcation level is determined by the conditions of 
thermal equilibrium between tiie levels and the conduction band. The occupation of states 
lying between the hole and electron demarcation level is determined by recombination 
kinetics of the material. 

The demarcation level for electrons are given by definition as 
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f 


^an\ 




kT ) 


nipv^S. 


(2.5.2) 


^ich is eq(2.5.1) with Ei replaced by E^, the energy from the bottom of the conduction 
band to the demarcation level. 

The relations between the electron quasi-Fermi level and the electron demarcation level 
is given by replacing Nc 


Ejh=Edn+^T'^ 




(2.5.3) 


which show^ the dependence of the capture cross section in the designation of a center, 
and so each type of carriers will have its own demarcation level associated wifli it 
The hole demarcation level and the electron quasi-Fermi level both depend on the 
density of free electrons, and can be related as 


= PiSpK^a, exp 


f E, 




4p 


V 


kT 


(2.5.4) 


where pi is the density of holes captured at the centers. This can be further calculated by 
substituting for n 


^dp ~^Jh 


kT\n 


3kT, 

+ In 



U.J 

2 

[^eJ 


(2.5.4) 


Thus wfien the electron Fermi level goes up, in a material due to optical excitation, the 
hole demarcation level goes down, an effect which will be looked into in some detail in 
the later charters. 

In figure (2.5). the levels in region I are electron traps, in IV are hole traps. The levels in 
III are recombination centers by definition. Those in region n are above the electron 
demarcation level but below the quasi-Fermi level, so even thou^ these are in 
equilibrium with the conduction band, the density of occupied levels is high, and 
recombination with free holes is possi*ble. 

The corresponding case for a semiconductor is shown in figure (2.6) \diere the density 
of thermally free carriers is greater tilian that of optically excited carriers. 
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2.4.1 Effects of trapping 

The presence of traps have a predominant effect on the electron transport and other 
related phenomena in a material, and often the study of photoconductivity and related 
effects in a insulator or a semiconductor entails a detailed study of the presence of traps 
in tlw material. 

If traps arc absent, all carriers in a material are free, and the jKesence of traps decreases 
the number of free carriers in a material. This can be considered as a change in the 

mobility of carriers, and an effective drift mobility \Xj of the carriers can be defined as 

{n + )p j = np (2.5.5) 
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Thus the major contribution of the presence of traps is to decrease the mobility of 
carriers, basically by localization. 

A major effect is to make the experimentally observed decay time of the lAotocurrent 
after the excitation has been turned off, longer than the carrier lifetime. If the free carrier 
concentration is comparable to the number of trapped carriers, there is a prolongation of 
the decay transient as the trapped cairim are fteed thermally. This phenomenon will be 
looked into with more detail at a later stage. 
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fig 2.7Relafi«i» belMMie fiie locafioii of trapping and 
necombinstioa centres, and the Fermi levels 
liRecamUnstiBn centre Dark Fermi towel 
2Trto)f>nBcadre Quasi Fermi bM 


The presence of traps can also decrease die sensitivity of the photoconductor. This can 
be understood in reference to fig(2.7) where we have a semiconductor with n type 
photocondiKJtivity associated witihi the m^wity carriers, and where the minority carriers 
are captured immediately. Also we consider the dark conductivity to be ne^igjble. The 
figure shows the presence of a recombinatirm center 1 and a tiaj^ng center 2. When the 
quasi-Fermi level for electrons is raised in presence of li^t, the occupancy of electrons 
in the trappng centers is decreased, and the loss of sensitization occurs. Now, as in (a), if 
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the trapfMng level lie considerably above flie light Fenni level, then this change is 
negligibly low. In (b) however, the level lie near the Fermi level, and the change is 
considerable. The figure (c) shows that the trapping level is above the dark Fermi level, 
but is below the light Fermi level. This case is of importance, as there will be a large 
desensitization, but the centers are no longer trapping centers under illumination. This is 
a phenomena which leads to many interesting jMroperties of semiconductors. 

The exact form of the expression for the observed decay time will depend on the trap 
distribution in energy. TTie effect of traps on the electronic properties of a one-carrier 
insulator is given in ref 1. 

2.5.2 Detection of Traps 

There are various methods used to detect and characterize the various traps in insulators 
and semiconductors, tiiat is, give direct information about their identity, density aixl 
identity of traps. We now summarize the various methods that has been employed in this 
work. 

(1) Growth of photoconductivity after the beginning of the excitation. In a crystal 
which is initially de-excited, the increase of the number of free carriers in the material, 
and hence the photoconductivity, increases to the equilibrium value after a considerable 
time, as a portion of the carriers excited is trapped in various centers. If there is no 
thermal detrapping, as in deep levels at low temperatures, the area between the growth 
curve and the steady-state value of photocuirent gives a measure of the trap density. 

(2) Decay of photoconductivity after cession of excitation. The traps filled dunng 
excitation will slowly empty, depending on tiheir capture cross section and the ionization 
energy. If it is assumed that the retrapping of carriers is neglected, then exponential decay 
is expected. If there are mwe than one traps iwesent, then the time dependence can be 

expressed as I - where n may vary in different ranges of t. The photocurrent 

decay is proportional to the rate at which the carriers are fieed from the traps, multiplied 
by the appropriate lifetime of the carriers. 

(c) ThermaOy stimulated trap emptyu^. If the traps are filled by excitation at low 
temperature, they may be emptied by raising the temperature. This is usually carried out 
at a constant rate, to fecilitate the analysis. The intensity of the thermally stimulated 
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conductivity is proportional to rale of trap emptying multiplied by the recombination 
lifetime. 

We now look into each of these processes in some detail. 


2.5.2.1 Growth and decay curves: general 

There is a f^ethora of work on experimentally determination of growth and decay 
curves of photocurrent versus time. If trapping is important, as is in most cases, their data 
can be generally fitted as 


A/ = 


{l + atf 


(2.5.7) 


where a and b are fitting constants, aird may vary with temperature and time, even with 
time during the decay itself 

In most cases the description of the growth and decay of photocurrent in a material 
depends exhaustively on the tr^^ing and detrapping of carriers. The probability of an 
electron escaping from a trap at a depth E and with a cross section S,, at temperature T is 
given by 


P = NcVa,S,^^ 


( 

kTj 

. The rate of change of trapped electrons during decay is given by 


(2.5.8) 


^=-n,P (2.5.9) 

dt ' 

If the retrapiMng of freed carriers is neglected. The solution of the above equation is 

rif-n^Q exp(- Pt) (2.5. 10) 


The variatkxi of the density of free carriers can be approximated, for short time lengths, 
by conadering 

■ A» = -^t (2.5.11) 

dt 

where the lifedme T = )“* , can be considered a constant, especially if An«Nr, 

the density of holes in recombination centers. The decay equation can be written as 
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Aw = Pt) (2.5. 1 2) 

If there are different lands of traps, with different E values, dien the resulting decay curve 
can be considered as a sum of many such exponential curves. 

If the retrapping is to be included, the rate of trap emptying has to be multiplied by the 
ratio of capture jxobability for recombination centers to the sum of capture probabilities 
of recombination centers and empty taps. 


Ratio = 


S N 

S,N, +s/n, -n,) 


(2.5.13) 


Where Nt is the total trap density. Since Nr= n + n,, and assuming n«nt^ 

drit ^ ^ 

dt S,N,+nXSr-S,) 


(2.5.14) 


For special case of Sr = S,, and when the traps are saturated at the beginning of the decay, 
so that rtto Nt, the equation equivalent to 2.3. 12 is 


Aw 


N^xP 

( 1 + ptf 


(2.5.15) 


which is similar to eq.(2.3.7). 

In many materials there can be an assumption of a essentially uniform distribution of 
traps in energy, and the distribution of traps around the Fermi level is to be taken into 
account to determine the necessary theoretical relations. We will however not go onto the 
details of these trap distribution studies. 

There are definite cases however drat die analysis of the decay curves of 
photoconductivity exhibits the validity of a discrete trapping level. If an exponential 
decay is found, the measurement of decay at several temperatures permits the 
determination of both trap depths and capture cross sections. If the log of to ( time 
required to decay to 1/e of the original value of photocurrent) is plotted as a function of 
I/T, a straight line is obtained with slope of £>4 and intercept of (MrvW?*)' . 


2.S.2.2 Tfiermally stimuiated trap emptying 

At low temperatures, die deep level impurities in a hi^ resistance semiconductor can 
be studied by measurement of the thermally stimulated current. The sample is initially 
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heated to a high enough temperature to empty all the traps, and then cooled in the dark, 
so as to keep the trsqps empty. At low temperature it is e)qx)sed to light to fill all the traps, 
and at that temperature thermal energy is not sufficient to empty the traps, so this remains 
in a non-equilibrium state. 

If the sample is now heated at a constant rate, then each traps get emptied at 
temperatures whae there is sufficient thermal energy, and the resulting current- 
temperature plot i^ws peaks, the position of each of which serves as the signature for 
each particular tr^. 

There has been several theoretical publications dealing with the interpetation of the 
Thermally Stimulated Cumemt spectra^"*, howevCT we pesait here the more simple ones. 


1. Quasiequilibrium Analysis 

The theoretical analysis due to Bube, (1960) requires the following assumptions: 

1. The recombination in the material involves retrapping of the emitted carrier by the 
level imder consideration. 


2, The level is initially completely filled. 

3. Equilibrium is assumed between the conduction band and the trap, so that a Fermi 


level can be defined throughout the temperature range. 

4. The peak occurs when the Fermi level crosses the trap level. 
Under these conditions, the caieigy level of flie trap is given by 


r 


Mr=itr„lnl 






(2.5.16) 


where AEt is the kvel of trap below the conductimi band edge, T* is tbe temperature of 
the conductivity peak, and Um is electron concentration at T*. 

The drawbacks to tbe approach is that (2) is unlikely to be trae, and A£r can be derived 
for genera] cmistdaatiiHis, indqpoident of (4). Tbe eq. (2.4. 1 ) is true only if the traps are 


half filled at r«. 

2.S.2.2.2 General Equations 

A more fundamental approach was {Randall and Wilkins(I945), and Saunders and 
Jewitt (1965) f based on the following equations: 
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n 
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^dnj 

iH 


(2.5.17) 


(2.5.18) 


where n/ is the density of electrons in the f' level, Nj is the density of the 7* level. 

Here (2.4.2) equates the net change of electrons in the /* level, and this is equal to the 
rate of cafrturc of electrons in the trap level minus the thennal release of the tr^jped 
electrons to the conduction band. 

The eq. (2.4.3) involves the reounbination of conduction electrons. The rate of chan^ 
of electrons in the conduction band is equal to the rate at which it gets trapped, having a 
effective lifetime of t, minus the rate of detrapfwg from all the trap levels.. 

These are a set of //+ / coupled nonlinear equations, where N is the number of trap 
levels, and can be only solved by a using a number of simplifying assumptions. 

The analysis of Saunders and Jewitt (1965), assumes that the current peaks are 
sufficiently apart, for the following assumptions to be valid 
/. The recombination from all traps except one can neglected. 

2. The occupancy of all other traps are sufficiently constant, so that the retrapping by 
these levels may be accounted for in the term z, and is temperature independent. 

The summation can now be neglected. If we assume n <ni and ni<<Nu then the 
eq(2.4.2) and cq(2.4.3) can be solved, and conductivity can be found as 

( r ^ _ N \ 


a{T). 


1 + TA^;S;V,* 


/sEj 

kT 








kT 


\ + xNjSjVth 


'uT 


To 


(2.5.19) 


where P is tiie rate of tempmature rise, defined as 

7-(/)=r„+p/ 


(2.5.20) 


A 

and m is the imtial occupancy of the I* trap level, at temperature To- If the explicit 
temperature dqwndencies are assumed 
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1 

S, oc T"”* 


X = const. 


Then eq(2.4.4) can be shown to have a maximum at T = Tm such that 


AE, 


kT. 
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AEj 


ln(l+xA',S,v*) 


J 


provided that AEi>kT. 

Two cases can be distinguished; 

Case 1. Slow letraf^ing: xNjSjV^ « 1 


(2.5.21) 


(2.5.22) 


In this case 2.4.6 becomes 


AE 


kT^ 






Ll 


+ ln 


AE 


/ ; 


(2.5.23) 


and if Sf oc T ~^ , as is often assumed, then the second term on the right side becomes 


independent of temperature, sirrce and . Then a plot of l/Tm versus 


In 


( 7’2 /\ 

* m/ 

\ J 


for various beating rates should give a straight line of slope AEj / k , and 


the intercqjt yields the capture cross section. 
If b3t2, then (2.4.7) becomes 


AEj 

kL 


In 


/ •j'A—b \ 
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+c 


(2.5.24) 
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where C is independent of temperature. The value of b must be found by trial and error. 


so that a strai^t line is obtained in a jdot of versus In 

proceed to determine AEj and S] as above. 

Case 2. Fast retrapping. » 1 

Af 


f y4-i ^ 

Iff 


. Then we can 


J 


The equation becomes 


kT 


In 


tit 
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+c 


(2.5.25) 

(2.5.26) 


\ ^ J 

Where C is independent of temperature and 

3 
2 


C=M 




ln(r„)-ln(^] 


(2.5.27) 


In this case, no information can be derived about Si, but the quantity can tNj can be 
computed. 

In experimental situations, the heated rate ^ is altered to see a corresponding change in 
peak position (Tn,). Then the procedure described above is used to find out the parameters 
of the trap levels such as the activation energy and the capture cross section. A single run 
of TSC experiment can map out the various trap levels of a system. 


2.6 Recombination processes 


The change in photoconductivity resulting ftom excitation is normally terminated by die 
recombination of the jrfiotoexcited carriers electrons and holes, a process determining the 
lifetime of carriers and hence the sensitivity of a photoconductor. 

Such processes can be a direct one, or may be due to die recombination of a free carrier 
with a carrier bound to in^jerfectiotL Normally recombination through an imperfection is 
dominant for low carria- densities, and direct recmnbinatimi for high carrier densities. 

2.6.1 Recombination at an impeifection 

Ih rate of recombination tiirou^ an imperfection center depends <m the occupancy of the 
imperfection centers, which in turn is related to the free-carrier densities throu^ the 
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capture cross sectirms. The statistics of recombioation through a single type of 
imperfection levels have been considered by Hall^ and Shockley and Read^. Fig (28) 
shows one such centre and the four processes connected to it 

1. Electron capture by a neutral center 

2. Electron emission by a negatively charged center 

3. Hole capture by a negatively charged center 

4. Hole emission by such a center 



W 
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fig Zi Jhw four slectnii miitsiofi am! capfiire pmcemm 
connectefi wtth a single impeffection level. 

Eledmi captuni hf a nevlral centre 
fb) etectmn eerissiott frem a negalhreiir charged centre 
|c| hole capture by a negatively charged centre 
fd) Me emsaiaii frem a neutral centre 
The arrows ifidiaile electron transltioris 


TTie SHR model tries to calculate the lifetime of excess carriers as a timction of the 
location and den^ of recombination centers, and as a function of the location of the 
Fermi level. A qualitative picture is given by Rose in tiie same direction, and this is 
being described below. 

The minority lifetime of a semiconductor under tiie condition that recombination center 
density greater than that for density of thermally activated carriers, is given for difTorrait 
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locations of the Fenni level and Demarcation level (fig 2.9). The recombination center is 
chosen for Er < E, and Nr is calculated for all such centers between the Fermi level and 
demarcation level. We now discuss special cases when the Fermi level moves irom the 
conduction band to the valence band, and the demarcation level moves at the same rate in 
opposite directioTL 



•fZf Tli« fiwi raMoa Alps MMM19 Farnil IwmU racombiiialfofi toval, 
canlrt of I^oimI ooiI ilofoorcotioit lovol In • to«^»4iiclor 


(a) The material is n type, the Fermi level being above the centers. The center is between 
the Ef and Ed . The minority carrier lifetime is given by 


X 


po 
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As the Fermi level moves away fircon the conductirm band towards the recmnbination 


levels, the lifetime remains the same. 

(b) The material is still n type, but die Fermi level is below Er. The Nr centers arc only 
partially occupied electrons. As the Fami level moves frwn Er to Ej, the lifetime 


increases expwientially 
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(c) The material is intrinsic, as the Fermi level lies at the same location as the intrinsic 
level, and the difference between Ef and Eq is kTIn(Sn/Sp). The maximum lifetime for n- 
type material is achieved in this condition. As the Feimi level moves below Ej die 
material becomes p tyjje and minority carriers become electrons. There is a discontinuity 
in minority-carrier lifetime if So is not equal to Sp. 

(d) The demarcation level now lies above Fermi level in p material. Those centers lying 
between E, and Ed are not by definition behaving as recombination centers, and the 
lifetime decreases as the demarcation level move to^^'a^ds the Er. If too is the lifetime 
when all centers lie between E© and Ef , then 
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2.7 Summary 

In this chapter we have reviewed the general photo-electronic properties of a crystal, 
and its dependence on the properties of impurity levels. An effort has been made to trace 
the material properties through various parameters such as the quasi-Fermi level and the 
demarcation levels. Lastly we have looked at in some detail at the effect of the presence 
of traps in a crystal, and ways and means of evaluating die trap parametCTS 
experimentally. Finally recombination processes and the Shockley-Read-Hall 
recombination processes through a single type of impurity level is discussed. 
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Chapter 3; Semi Insulating Gallium Arsenide, a 
Review 


The material in this chapter attempts to trace briefly the development of understanding 

of the unique properties of semi-insulating GaAs and recount changes that has been 
brought about in our perception of the origins of this behaviour since the late seventies. 
This has been traditionally a well-studied material, and currently there is a general 
consensus regarding various phenomenological properties of the material as well as about 
their origins. However tiiere has been many observations, which do i»t quite fit into Ae 
fiamework of phenomenology. There has been recently renewed interest in these aspects 
of numerous interesting photoelectronic phenomena in this li^t In the later half of this 
chapter we bring out toe necessary backdrop against which our experiments arid their 
discussions must be viewed. 

3.1 Semi Insulating Gallium Arsenide 

The semi-insulaling condition of GaAs was recognised but not understood in the early 
'60s, when Hilsum* commented that it was fairly easy to make strongly n or p type GaAs, 
but very hard to make weakly doped material reproducibly. Whereas semi-insulating 
crystals by undoped procedure could be formed by specific growth conditions, it was 
difficult to {xxxluce bulk material with a room tonperature carrier crmcentration no or po 
in the range 10*^ to lO’ per cm^ Therefore the fig (3.1) shows large areas of the ranges of 
carrier density as dashed rather than solid lines, indicating the ranges not readily 
accessible. 

In the semi-insulating region the Fermi level is pinned to the intrinsic location, fiMrcing 
ambipolar conditions, that is where both the holes and electrons take part in the 
conduction. The RT conductivity is in the range 10^ -lO’ Q cm. This material is of 
enormous technological applications as a substrate material due to its high resistivity, and 
is of interest to the scientific community because of its unique properties. 
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3.2 GaAs ;0 a review 

Oxygen belongs to the sixth column of the periodic table, and is basically expected to be 
a donor impurity in the III-V compound semiconductors, a contention that has been 
firmly established in the matenal properties of GaP.^ The O is found out from the low 
temperature ionisation studies to be a typical deep level impurity. 

In GaAs, however, the similarities are not very clear, and no definite evidence for an 
electronically active centre has been found, that is closely related to oxygen doping. In 
1962, several laboratories’^'^ reported that very high resistivity GaAs can be grown by 
horizontal Bridgemann technique, provided that the growth was carried out in a oxygen 
atmosphere. Various deep level characterisation techniques, such as thermally stimulated 
current, optica] transient current spectroscopy study revealed the presence of a deep 
donor level located at Ec-0.75 eV. The idea that the trap Ec-0.75 is due to oxygen gained 
ground, as shown in the following section 

3.2.1 Photoelectronic properties of high resistivity GaAs: 0 (Review of Linn 
and Bube (1975)^” 

A thorough and pathbreaking work was conducted by Bube (1975), that looked into the 
unique properties of GaAs in the semi insulating state, specially the optical quenching 
properties of this material. 

The spectral response of photoconductivity and pholo-Hall mobility (fig 3.2, 3.3) has 
been taken for three temperatures of 295K, 213K and 82K. It can be immediately seen 
that there is very little difference of character in the two spectral responses at 295K and 
213K. There is a band edge peak at 1 .4eV, and a typical lower than band gap excitation 
with an absorption edge at 0.7 eV. The photOrHall mobility is n type for all photon 
energies, indicating a extrinsic excitation from a level 0.7eV below the conduction hand 

The spectral response at 82K is vastly different (fig 3.4). The photoconductivity was 
measured 3inin and 15 min after photo-excitation for spectral scans in two different 
directions, low to hi^ energy and high to low energies on a previously heated and dark 
cooled sample, a process whidh ensures the traps to be initially empty. 


37 



The results show a sharp fell in the photoconductivity, after the sample ha<; be«i 
exposed to infrared radiation at low temperatures. This can be interpreted as to indicate 
two different states of the crystal; a hi^er sensitivity n-type and a lower sensitivity p- 
type. The higher sensitivity n type is encountered if the sample has not been previously 
exposed to photons in the 1.0-1.3eV range, and the lower sensitivity p state to which die 
higher sensitivity state is transferred, on exposure to 1.0-1.3eV light The 
photoconductivity of the p-type is about two orders of magnitude smaller than that of die 
n-type state, and the process of transition is called optical quenching. 

The temperature dependence ef photoconductivity for intrinsic p^toexcitation an the 
correspronding Hall mobilities are shown in fig 3.5. Curve 1 repxresents the high 
sensitivity state; at low temperatures the ln(a) increases with 1/T with a slopre consistent 
with the Shockley-Read-Hall one-level recombination model, for a level of about 0.65 
below die conduction band and tno “ 6x10“*® sec. In the low sensitivity state, the 
quenching persists at low temperature, and upwn heating makes a rapid recovery to die 
high sensitive state \dien the temperature exceeds 105 K and is complete by 125 KL 

The optical quenching, as given by percent decrease of intrinsic-excited 
photoconductivity, is given in fig 3.6 as a function of the wavelength of the quenching 
light. At 82K, it is shown that the onset is about 0.5eV with an abrupt increase at about 
0.77eV. Above 1.03eV, there are three processes found: (1) a fast excitation, (2) a fast 
quenching, of about 7%, and (3) a slow quenching accounting for 98% in a hour. 

The thermaity stimulated current experiments, as descnbed in an earlier chapter, gives 
trap levels as repiroduced in table 3.1. The work by Bube etal. also touches upon non- 
Ohmic behavitmr of contacts and low frequency oscillations. 

3.3 Direct evidence of nonassignment of oxygen to the main 
electron trap in GaAs. 

The first quesdcms against the oxygen behaviour began to arrive vdien attempits to 
create - 0. 75 level in GaAs grown by Liquid Phase Epitaty (LPE) by incorproratron of 
GazOs were rejreatedly unsuccessful But it was finally established by Huber Linh 
et al.** that die O Iras no rede to play in die trap level of GaAs. This was dcwie by 
simultaneously loc^ng f«r the trap density and spatial trap distribution in a horizontal 
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Bridgman grown not intentionally O doped sample. The doping profile was measured by 
C-V at two different temperatures, and along the spatial extent of the wafer. The O 
content and its distribution was measured by SIMS at precisely similar locations on 

m 

similar samples. The companson of SIMS and electrical characterisation show that (1) 
The concentration of the trap EL2’’ was one order of magnitude higher than 
concentration of oxygen. Also (2) there is a large difference in the trap distributiMi along 
the sample, and the distribution of O. 

Thus one can unambiguously say that oxygen is not involved, either directly or in a 
complex defect in the origin of electron trap at Ec-0.75eV. 

3.4 Linking of EL2 with the antisHe 

The identification of EL2 was carried out by a comparative study of the electrical 
properties of EL2 and the EPR studies of the Asoa antisite in 1983-1985. The EPR of 
Asoa in plastically defonned GaAs ^ showed an energy state of 0.47 eV in the double 
donor state, from weak photoenhancement of the signal. Further analysis was carried out 
by Lagowski amd Gatos on a native trap deimted by them as HMl. Deep level transient 
studies and jrfiotocapacitance measurements indicated that the trap has two charge states 
with energies 0.54 +/- 0.02 eV and 0.77 +/- 0.02eV. This is in direct consonance with 
theoretical calculations that predict that the charge-state levels for Asca antisite to have a 
separation of 0.25eV, and so the trap HMl can be directly identified vrith the antisite. The 
upper level, which has been identified with EL2, shows the photoexcitation to a 
metastable state. This provides the missing link for the working Asoa defect. Detailed 
comparative study of the jAotoresponse of EL2 in undoped sample and the EPR study of 
the Asoa antisitc further strengthen the argument. 

It should be clearly stated diat despite tihe erroneous assumption regarding the origin of 
the opto-electronic properties, all the phenomenological observations made by Bube are 
perfectly valid, and as such form the basis of study of defects and their peculiar behaviour 
in semi-insulatiiig GaAs. The optical quenching effect and its recovery has been observed 
in photoluminescence, photocapacitance, photoconductivity, photo-EPR and other related 
phenomena. Tbone has been a sustained eflbrt by several groups to model these 
properties. 
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3.5 Modelling Ihe Optical Quenching Phenomena 

The first model was put forward by Levinson^^, vrtiere it was proposed that a the defect 
is basically "a midti-charged complex defect which leads to a charge-state controlled 
electrostatic interaction between two or more defects in a complex. The minimisation of 
electrostatic and lattice strain energy gives rise to structural re-arrangements, which 
lead to transformations between two possible configurations of the complex.” The two 
configurations of course would correspond to the two sensitivity states. 

Further work was canied out by several groups, and we would highlight the work done 
by Jimenez et al. in this direction. 

Jimenez reported in 1984^^ several detailed studies in photoquenching behavior at low 
temperatures (down to 4K). There were two distinct phenomena observed, and they could 
be classified as (1) Extrinsic quenching and (2) Near intrinsic quenching. Extrinsic 
quenching is achieved in the 1-1.25 eV photon ran^ by these very photons, in a self- 
quenching phenomenon. This is the classical optical quenching generally reported. Near 
intrinsic quenching is achieved by 1.17eV light causing a decrease of near intrinsic 
photocurrent, in this case due to 1 .45eV light. Both these two quenching can be shown to 
themtially evolve at around 125K with the extrinsic quenching evolving at slightly higher 
temperatures, leading to the understanding that th^ are due to the same cause. It is 
important to mention that there is a definite time lag that the near intrinsic quenching 
compared to the extrinsic quenching. These results lead to the model of the quenching 
phenomena as put forward by Jimenez, as given in fig (3.6). 

The first step is the formation of EL2 into EL2* by means of the 1-1.25 eV radiation. 
This produces the typical extrinsic optical quenching. The second step is the capture of a 
neighbouring defect X (shallow level) after the EL2* was generated, to form a new 
complex, which accounts for the quenching of the near intrinsic light The thermal 
evolution is first accomplished in the releasing of X, and then relaxation of the EL2* to 
EL2. This result shows the existence of defect reactions in a straightforward way. 

This is a typical model that has been used to try to explain most of the phenomena 
relating to the optical properties of EL2. However, there are several more recent works 
that told to question these seemingly simple mechanisms. 
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3.6 Enhanced and persistent photoconductivity in GaAs 

It was reported by tbe same group, in the same year (1984)“-^ that "among die great 
variety of Horizontal Biidgmaim bulk GaAs samples tested by us, we have observed in 
some of them a striking photoconductivity behaviour, which consists of a strong 
enhancement of the photocurrent (EPC) after long excrtatirms widi p horm ns in Ae 1-1.35 
eV spectral range at temperatures below 135 K. The result is r^iposite to the expected 
optical quenching (PCQ)". 

The optical enhancemeot (fig 3.7) takes {dace after a fast increase, and a dectty to an 
apparent steady state has taken place. There is a slow and crmtinuous increase in the 
photocurrent until a steady state is reached. More intense the flux, the Aster the steady 
state is reached. If the excitation source is switched off, and again applied, the steady 
state is reached in a vcty short time. The diermal quenching of {diotocurrent is observed 
very sharply at temperatures higher Aan 125 K. 

Similar bdhavior was seen in the phenomena of Irmg-lifetiine pnsistotf 
photoconductivity (PPCX vhich extends for more than an hour, and follows a non- 
eiqxHiential law. This can also be seen to completely «ased by a heating to beyrmd 135 
K^. This however was presoit rally in LBC grown sam[des. Goierally tbe IMQ, EPC and 
PPC are strongly sample dqpendent, and are not in any way directly correlated to the 
presence or absoice of EL2. 

Attempt was made at explanation of these phenranena through Ae presence and 
metastable transfonnatioa of a new tn^i, smilar to EI2 in structure”. It was observed that 
"in %Mte of Ac impmtaiit (dayed by these traps (that is EL2X many other band gap 
levels craxtrol tibe properties of the material". 

3.7 Topics relevant to present work 

We now present a review of current literatrae direcdy rdevant to the present work. Most 
of the works levKwed ate of {Aenomraiological nature. Thty question tiie established 
model described eailier rai various counts, but All short of offeriiig a cqg^ structure m 
imdcrstanding of Ac Averte and often conflictiiig results rgwfted. However this much is 
clear that there is a underlyiiig mechanism Aat is tespraisAle fra- Ae seemmgty 
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complex behavior. The current work is in a way an extension of the matter now 
presented. 

3-7.1 Optically enhanced photoconductivity: an altemate view 

The optically enhanced photoconductivity described earlier by Jimenez has been studied 
in detail by Desnica et al. ThQ^’ demarcate two different phenomena, one for low 
intensity light and the other for high intensity lig^t. It is shown that for low intensity light 
for all photon energies there is an increase in the photoconductivity with exposure time, 
as opposed to high intoisity light, whe^ quenching takes fdace.^® The {^otocurrrat 
evolution with time for low intensity light is studied. The much larger than band gap li^t 
show an almost instantaneous jump in the photocurrent, and then a saturation, whereas 
the band-gap light increases more slowly. For extrinsic light there is continuous increase 
for up to six orders of magnitude. 

The thermally stimulated current spectra is a standard techm'que employed to study the 
trap parameters. Here the TSC spectra is taken for different filling times and for different 
energy excitations. The trap filling, as given by the area under the pealcs, is plotted for the 
different filling times. This (^ot is ^wn to be, within »nall discrepancies, identical to 
the photocunent-time plot described earlier. This would suggest that the photocurrent 
evolution is entirely desctibable in terms of trap filling parameters. 

For larger than band-gap light initially there are equal number of holes and electrons, 
and so after the initial rise the cuirrat bectMues steady. Now, as the electrons get trapped, 
the free hole become larger in number, and their lifetime increases, increasing the 
photocurreiit. However, eventually most of ftie traps are filled, the photoconductivity 
readtos a steady-state value. 

For sub-ban^gap light the dynamics are rowe cmnidicated- There are fiee electrons 
created by photoexcitation of EL2 defects, and then these electrons are trapped. Later 
both electimis and holes are created through a two step process through the EL2 centers. 
Finally all traps are filled and the photoconductivily reaches a steady state. 

The theory attempts to explain the increased photosoisitivity without use of low 
temperature OMnplex defect creation and annihilation. 
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3.7.2 Trap induced photoconductivity 

The effect of the {Mesence of traps on the photoconductivity has been studied in great 
detail as a further proof of the mechanism of enhancement of photocurrent thought to be 
due to the increased hole lifetime brought about by trapping of free holes. 

The temperature dependence of photoconductivity has been studied for various li ght 
intensities, after initially filling the traps. The plot (fig 3.8) shows the trap dependence on 
the photoconductivity as apparent by the similarity of the low intensity photocurrent data 
where the peaks are well defined with that of the TSC. 

Very different results are shown if the photocunent data is shown as a function of 
temperature taken fiw traps completely empty. The below the band-gap is very small, 
as opposed to the above band-gap light It has also been shown that if the traps are 
selectively filled by varying the filling time (as confirmed by TSC data from identical 
filling schedides) the photocunent at the temperature corresponding to a TSC peak varies 
as the trap filling condifirms fix that particular peak. The increase in Ipc above the empty 
trap value is proportional to the charge trapped in these deep traps 
Similar results are seen after the traps are onptied by thermal annealing. It is seen that 
the photoconductivity at low temperatures is much lower if a m^or trap has been emptied 
by annealing at a suitably high temperature. This gives an alternative reason for the 
thermal evolution of the enhanced photocunent as put forward by Jimenez. Instead of the 
theory involving the formation and disintegration of complex defects, the phenomena is 
now e 7 q>lained in terms of filled or emply traps. At low temperature, since most traps are 
electron traps, there are a large number of fiee holes present after the traps are filled 
thereby removing the free electrons. This leads to the increase of the photocurrent At 
120-135 K all the major traps are emptied, and the electrwis are then free to recombine. 
This brings the photocurrent down. 

However, the exact mechanism for the dependence of high intensity photconductivity on 
the trap level is not offered. The difference of results for high and low intensity light is 
also not addressed. 


43 



3.7.3 Qu©nching and Enhancoment of Photoconductivity: a possiblo 
alternative mechanism 

The understanding of the quenching of tiie photoconductivity has been {H'esented earlier 
in temis of metastability of defats. It has been observed that the effect is inefficient 
needing high photon intensities and specific wavelengths (1.0-1.2eV). 

Desnica et al?^ describes a different type of quenching phenomena, wliich has been 
observed in LEC SI GaAs, when it is exposed to light in the range 0.7-l.38eV. For very 
low intensity light, there is a very slow enhancement, and quenching is not observed For 
moderately low intensities, the quenching curve is well defined in the first few minutes, 
while enhancement comes later (fig 3.9). For higher lig^ht intensities, the onset of 
quenching is faster, and for still higher intensities it is obscured, or even wiped out 
These results makes it clear that the quenching is entirely different from that described 
in conjunction to EL2-EL2* transformation, as this can be seen only for low intensities, 
and for energies as low as 0.7eV. 

The TSC spectra, taken after different illumination times of the light intensity which 
show the quenching phenomena provides an explanation for the photocurrent data. It is 
seen that while the deep traps exhibit a monotonic iiKrease in trapping with illumination 
time, the shallower traps show a peculiar behaviour where they first increase, then 
decrease and finally increase with trap filling times. Since it has been shown earlier that 
the photocurrent is directly dependent on trap fill-rates, this phenomena of photocurrent 
quenching has been sought to be explained in terms of anomalous trap filling rates. Why 
the traps should behave in this fashion has not been addressed. 

3J.4 LigM Intensity Dependence of Optical Quenching in SI GaAs 

The {hotoquenching (hencun^ia desoribed earlier have been shown to be only a part of 
the entire spectral dependence of optical jaoperties of GaAs. The slow quenching and 
other related phenomena are present wily fra the lowest excitation intensity, for light in 
the range 1.05-1.18 cV (fig 3.10)’’ For intensities several orders larger, there was only a 
quenching observed, and this took place for over four orders of magnitude. The 
temperature evolution of the photocurrent shows that for quenched PC for high intensity 
li^t, there is a very sharp recovery at 125 K. For low intensity there are various peaks 
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shown for different temperatures. This is foe signature fw the EL2*-EL2 transformation 
and thus the quenching for high intensity light is totally different in nature and in origin 
from the low intensity one. 

The TSC data taken after different illumination times of the high intensity light shows 
that for prolonged exposure to the li^it, there is a continual decrease in foe peak heights 
for all the peaks, though more pronounced for the low temperature peaks. If a quenching 
and recovery experiment is carried out by (a) prolonged illumination at 80K with high 
intensity light (b) anneal at a high temperature T, (c) fast cooling and short exposure at 
low temperature and (d) normal TSC run These experimental results shown in fig (3. 1 1) 
show that ^ there is an identical sharp recovery at 125K. The conclusions that can be 
drawn form the above results are that foe transformation EL2-^EL2* is the mechanism 
for PC quenching, and that foe TSC peaks are also closely related to ftiis phenomeiKrrL It 
has been conjectured that the different traps are all dtte to various complex defects in the 
material, of which EL2 in included. 

The quenching and recovery of TSC data is now looked at more closely. 

3.7.5 Infrared Quenching and Thermal recovery of Thermally Stimulated 
Current Spectra 

This work by Fang and Look’^*^ is of relevance to this current work. Here the source 
used is a broadband IR from a tungstoi lamp with a silicon filter to cut ofTli^t of enragy 
above 1.12eV. The photocurrent due to this source shows (1) a rapid build-iqr to a 
magnitude proportional to EL2 concentration; (2) a quenching to two and a half orders of 
magnitude and (3) an enhancement of 

The TSC spectra tak^ fiw maximum illumination intensity and different times are 
shown in figure (3.12). For low illumination time, foe basic structure of the TSC did not 
change, but the peak height reduced. Then there was a drastic change, and a new feature 
with new peaks-sets in evolved. Further increase of the illumination increased the peak- 
heights of this feature to saturatiOTi levels. 

For annealing runs conducted at different tonperatures, it can be noticed that beyond 
124 K, a dramatic reversal takes place, and the old feature is brou^t back. This is in 
good agreement with the transformation temperature for EL2 defect. 


45 



The TSC peak would be visible if two conditions are fulfilled ( 1 ) There are enough free 
carriers to be trapped at low temperatures ( 2 ) electrons and holes emitted during the 
heating cycle have a lifetime long enough to be measured. The first case can be thought 
to be the reason for quenching, on the transformation of EL2 to EL2*. The EL2 when 
excited by IR light provided the electrons in the conduction band to fill the traps. EL2* 
would not take part in the jx^ocess, arvl this could have been thought to be the reason for 
absence of peaks in the TSC. However if the sample is bathed in intrinsic li gh t, there 
would be band to band transition, providing enou^ free electrons. However this 
condition also failed to produce a peak in the TSC. The other possibility of a very small 
carrier lifetime is difficult to eliminate. Also it is possible that he traps themselves 
undergo transformation on exposure to light, causing them to disappear from TSC plots. 
The exact mechanism for any of the data is still unknown, and there are several 
directions in which further studies can be conducted in order to answer these questions 
raised. 

3.7.6 Electrical field enhanced thermal quenching of a prominent thermally 
stimulated current peak 

This work done by the same group,^ looks into a peculiar behavior present in "certain 
samples”. The TSC sqpectra, taken aflCT frlling the tr^ at 90K with 1 .45 eV light, show a 
quenching of the prominent TSC peak atl40K, denoted here by T 5 . The other peaks are 
unaffected. On changing the rate of heating, which would shift the TSC peaks, shows that 
both the quenching and recovery temperature shifts the same amount 
The effect of bias voltage is large on the thermal quenching, and the idienomena berxrme 
more prominent with bias, drat is with field. This field-enhancement is explained by the 
formation and movement of a high resistivity domaitt While it is present, the current 
decreases abruptly, and is regenerated when the domain reaches an electrode. 

3.8 Summary and Questions raised 

The sheer variety of {dienmneaia observed earlier can be quite confusing, due to die 
looseness in use of the term "quendfring". We have seen that it has been used to describe 
various unrelated jdienomena arising from various mechamsms. The quenching seen for 
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high intensity light in the range 1.0-1.3 eV, and which recovers sharply at ~125K also 
exhibit three different properties, ^^hich need to be looked at differently; (1) quenching of 
intrinsic photoconductivity, (2) quenching of bandgap-light induced photoconductivity 
and (3) quenching of TSC peaks. Though there exist several models for the first two, the 
third is still unclear. Authors differ in designation of either only peak at ~140K to EL2, or 
in assigning all the peaks to it The mechanism is also not established. 

The other "quenching", arising from low intensity li^t of any wavelength, has been 
seen to be entirely different from the phenomena talked of earlier, and is due to trapping 
and detrapping of carriers. This is regenerated at higher temperatures where the traps are 
thermally emptied. 

The third "quenching" is the field enhanced dieimal quenching, and has been attributed 
to the fofmation of hi^ resistance dranains. 

There are several questions that can be raised about the phenomena described, and the 
explanations offered. The first is that all the papers talk about "some samples" behaving 
in a different way. What is the actual reason is yet to be pinned down, whether it is a 
complex mechanism dependent on various growing techniques, or is due to any simpler 
reason. It needs to be mentioned that the earlier work was based on Horizontal Bridgman 
techniques, while the more recent works employ Liquid Encapsulated Czochralsky (LEC) 
or the Vertical Gradient Freeze (VGF) technique. Also almost all the results described 
earlier can be distinguished into either low intensity or hi^ intensity excitation 
phenomena, with a very large difference between the two outcomes. This also needs to be 
pinned down to a single model. 

It is with this background in mind that the current work has been designed and carried 
out. 
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Chapter 4: Experimental Set-up 


This chapter gives an account of the ejqperimental set-ups developed for die purpose of 
this work. Since most of the experiments performed are rather involved, and are specific 
to such materials, we first provide a overview of the normal procedures usually carried 
out for the purpose of characterisation of trap related jrfienomena in photoconductors in 
general and in sani-insulating GaAs in particular. 

4.1 Types of experiments normally conducted to characterize 
deep defects in semiconductors. 

1. Spectral response of photoconductivity 

The spectral respcwise of (Aotoconductivity for any material gives qualitative picture of 
the different imperfections present in the material. In a pure element, fee photo- 
conductivity is maximum for light just under fee band edge, and falls r^idly for smaller 
photon energies. The existence of photoconductivity for energies much lower than the 
band edge is a direct evidence of fee presence of imperfections, and fee low threshold of 
such a photoconductivity is a possible parameter for fee estimation of fee pesence of the 
imperfection level in the energy bands of fee host material. 

2. Intensity dependence of photoconductivily 

In a crystal with <Hie princip^ recombination centre, the photoconductivity varies as the 
power of excitation intensity between 0.5 and 1. The exponent is a pointer to the 
distribution of trap density wife trap depfe. 

If two types of recombination centres are present, and if one has cross section suitable 
for the its behavior as a sensitizing centre, a region is found where fee photoconductivity 
increases with a power of excitation intensity greater than unity, a phenomenon called 
superlinearity. This occurs in fee region where the sensitizing centres are changing from 
hole traps to recomhiiiation centres wife increasing exdtation intensity- 
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Thermal quenching of photoconductivity is a complementary phenomenon to that of 
superlinearity. Here the f^otosensitivity decreases rapidly with increase of temperature 
beyond a critical point. Here we look at the change in sensitizing centres from 
recombination centres to hole traps at a fixed excitation intensity, with increasing 
temperature. 

3. Thermally Stimulated Current 

If a crystal is subjected to photoexcitation at low temperature, then the carriers are 
trapped at imperfections in the ciystals, in the absence of sufficient thermal energy to free 
them. If the crystal is irow heated at an uniform rate, the trapped carriers will be freed 
when sufficient thermal energy is available, and the presence of die free carriers are 
detected as increase in the dark conductivity. The temperature at which the maximum 
thermally stimulated current is seen can be related to the tr^ depth, and the total charge 
freed is a measure of trap density. 

Various methods of obtaining die trap parameters from the TSC spectra are present, and 
it is possible to cover a wide range of trap depth in a single measurement, and estimate 
the distribution of trap density in this range. 

4.2: Experimental proc^edures to look into the unique properties 
of SI GaAs. 

The unique properties of semi-insulating GaAs has been studied for over 30 years, and 
while each research group used their particular routines to go about the task of 
understanding them, the procedures used can be broadly categorised into several types. 
The modes of carrying out of some particular studies which are of interest to this work is 
now looked into in more detail. 

A point to be noted is that while we arc using the term SI GaAs to describe the material 
concerned, many of the iwoperties looked into may be dependent on the growth 
procedures. The earlier works have used the Horizontal Bridgemann (HB) grown material 
while later LEG (Liquid Encapsulated Czochralsky) and Vertical Gradient Freeze (VGF) 
grown crystals are more crHnmon. 
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1. Optical quenching of photoconductivity. 

This has been studied by several groups, since the 70's, and though there are various 
procedures, the main theme has been to study the effect of lower than band gap light on 
the photosensitivity at low temperature. Generally the temperature range of these studies 
has been liquid nitrogen temperatures. The sample is dark cooled to empty the traps, and 
is exposed to photoexcitation. Bube*^ has measured the spectral response of the sample 
from 1.6eV to 0.6eV, using two different waiting times 3min and 15 min at each 
wavelength. The time of exposure is significant specially as the time constants for low 
intensity light at that temperature can be several hours. This has been done in two 
directions, from hi^ier to lower energies, and vice verea. The two runs effectively give 
the effect of the history of exposure wi the photosensitivity of the sample, and 
particularly of the effect of the JR exposure on photocurrent due to visible light. 

The quenching efficiency has also been studied by varying the wavelength of the 
secondary light There are two different behaviour here, the quenching of IR light by 
itself, after long exposure, and the quenching of intrinsic light The IR li^t has been 
found to have maximum quantum efficiency at 1 . 1 eV, and several different IR sources 
has been used. Martin has used white light fnan a 50-Watt tungsten lamp for 10 minutes, 
while Jimenez has used a 1.17 eV YAG laser. The point to be noted here is the possible 
diversity of intensity of the optical sources. 

One way to study self-quenching and eliminate time constant effects at the same time is 
by using a temperature scan techiuque (Jimenez)^. Here the temperature dqiendeiKe of 
photocunent is studied sqjarately for all the diffemnt ^lectral components. 

The changes in the photosensitivity brought about by excitation, were neutralised by 
heating to a temperature hi^ier than 120K. This is seen by a sudden rise in photocurrent 
at that temperature. 


2. Optical quenching of thermally stimulated current peaks. 

This has been studied by two groups, starting in the early 90's. The typical experiment 
done by Fang and Look has used a high pressure LEG grown Ga rich sample. The 
infrared source was a 25W tungsten lamp with a Si filter, which allows energies less than 


1.12eV. 


central uBRAir 
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In order to measure p)hotoquenching in the dark, die sample was quickly dark cooled, 
and in exposed to infrared light for different times from 1 to 360 sec, in different runs, 
and heated from 90 to 270k at a rate 0.2K/'sec. To measure the thermal recoveiy, the 
sample was first illuminated for 5 min at 90K to ensure complete quenching of FT .2 and 
the quenchable TSC traps. Then it was warmed to a certain recovery temperature Tr, 
ranging from 90K to 150K_ Next it was quiddy cooled back to 90K, and finally exposed 
to the same infrared for 1 sec to fill the traps before TSC scan. 


4.3 Experimental set-ups and instruments used. 

There are four essential components to each of tbe various systems used in this work 
and discussed in this section : Cryogenic, optical, electronic and software. Each of these 
has to be judiciously integrated to form systems which are capable to meet the various 
requirements that are imposed by the nature of the material under scrutiny and ftie type of 
data that are sought about it We now present the various requirements that has to be 
fulfilled by the experimental set-ups, and the components, both hardware and software, 
that has been utilised for this purpose. 

4.3.1 Experimental requirements 

The three experimental directions talked aboitf in the section 4. 1 and 4.2 ask for diverse 
and sometimes contrasting requirements for the instruments. 

The first and foremost requirement is dictated by the name of the material itself : semi- 
insulating GaAs. This indicates diat the currents to me measured for low voltages to be 
extremely small, of tbe aider of a ~ 10 nA at room temperature. The intention of 
measuring tbe temperature dependence of ccmductivity makes it necessary to use 
instruments capable of nwasuring the current for the entire temperature range, which for 
low temperatures falls to -10'** Amperes. One way of increasing the current is to 
increase the voltage, which in this case is not permissible because of the limitation of the 
ohmic nature of the ccmlacts to within 10 Volts at low temperatures. 

The photocurrent is another parameter to be measured, and this is several orders hi^ier 
than the dark current, and as such does not present too many problems. However, the 
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very fact that there is more than six orders of change between the dark current and the 
photocurrent due to high intensity (mW) laser source, is of importance, specially in the 
transient measurements. The transient measurements require the ability of the 
electrometer to measure the currents from 10"^ to 10'^^ Amp, continuously, that is with 
fast and automatic change of scale. This is a tall order for any system. 

The time of acquisition, that is the time of data integration + data conversion + data 
transfer is of prime importatKe in tire transient experiments. Ehie to the small currents at 
the lower ends of a decay transient, the integration time carmot be made small without the 
noise predomiitating. Also if too long a acquisition time is used, the fest transients cannot 
be measured accurately. This leads to a stand-off and optimum conditions have to be 
found. 

The spectroscc^c measurements itecessitate a continuously varying and remotely 
jH'Ogrammable morK>chromatic li^t source, which would have a strong intensity in the 
IR range for photoquenching experiments Also variation of monochromatic light 
intensity over several orders is helpful. 

Measuring material parameters at low temperatures also imposes severe demands. The 
cryogenic system, that is the refrigeratm and temperature controller, must be capable to 
cooling in a reasonable time to temperatures of 10-20K. Also it should be able to stay at 
any intermediate temperatures accurately (within a few K) for a Icmg duration (several 
hours, if necessary). The thermally stimulated current measurements make it necessary 
that the temperature of the system be increased in a constant and controlled rate. Also, the 
unquenching experiments require that the temperature be increased rapidly to a pre- 
assigned value from low temperatures, held there indefinitely within a small error limit, 
and them cooled with a fest rate. This imposes strict conditions <mi tiie thermal mass of 
the system. 

The various hardware components used in the experimental set-ups are now described 
in detail. 



4.3.2 Instruments used 

The instruments used can be categorised into toee: (1) Electronic (2) Optical (3) 
Cryogenic and (4) Instrumental control and Data acquisition. We present the specific 
instrument parameters that are of consequence to our work. 


Electronic 

1. Model 182 Sensitive Digital Voltm^er (Keithley Instruments) 

Mode of Operation; Measurement of Voltage 

Resolution; IpV for 30V range 
InV for 3mV range 

Reading rate; 100/sec for 3msec integration time, 30 V 

16/sec ftn IEEE-488 bus. Power Line Cycle (PLC) integration. 
Buffer length; 1024 

2. Model 236 Source Measure Unit (Keithley Instruments) 

Source and Measurement of Current 

Resolution; lOOfAin InA range 
Source and Measurement of Voltage 
Resolution; lOpV 

3. Model 602 Electrometer (Keithley Instruments) 

Mode of Oporation ; Measumnait of current 

Range 10'*^ A to 0.3 A 

Cryogenics 

1 . Model 22C CRVODYNE Refrigeration System (CTI Cryogenics) 

2. Janis VariTemp Variable Temperature Insert system (Janis research company) 

3. Model DRC-91C Temperature Controller (Lake Shore Cryotronics) 

The three instruments togetiter form a close-cycle He reftigeralion system, where the 
sample mounted can be controllably cooled to a temperature in the range of ~15 K to 
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320K, the lower limit dqjoiding on the tbermal mass of the sample head The 
temperature controller is a PID type, and is capable, on external control through a IEEE 
interface, of varying the temperature as a function of time. There is a quartz window 
which allows light to be focused on to the sample. 

OPTICS 

1. DSP-275 Double Monochronuitor (Acton Research Corporation) 

Resolving pjower of Monochromator 0.1 nm, programmable, remotely controlled 
through RS232 interface. 

2. Optical Sources: 

Diode Laser (676 nm) Battery operated 
He-Ne Laser (643 nm) Red, (lOmW) 

QTH (Quartz Txmgsten Halogen Lamp) 50 watt, with pxrwer suprply. 

IR Lamp 200 Watt, tungsten filament (Philips) 

3. Filters, low-pass, and narrow-band interfaence typre. 

CONTROL & DATA ACQUISITION 

1. PCL 236 IEEE-488 iaterface card. (DYNALOG Corporation) 

2. RS232 interface 

A.'^A The set-up for cunent-voHage measurements (fig 4.1) 

The sample is mounted on a low tiiermal mass holder as shown in figure in the Janis 
cryogenic insert ^stem, which is cooled by a helium low temperature close cycle 
refngerator. The temperature is maintained to the desired value by a PID controller, 
which is remotely set by a IEEE interfecc. The incident light to the sample is controlled 
by a monochromator, whose exit sUt is momited on the optical window of the myogenic 
head. Li^t from various sources are incident on the mitiance slit of the monochromator. 

Which is controlled remotely fiom the lEEB-488 interfecc. 

Measurement of current-voltage or voltage-cunent data is done by use of the K-236 
source measure unit, which has a voha^ range of +/- lOOV. This constraint does not 
allow for the measurement of dart conductivity at low temperature, as the current 
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sourcing/measuring is limited to InA, below which the instnimenl shows low S/N ratio. 
So, the system has been is used to measure i^tocurrent at low temperatures, and the 
daA photconductivity is restricted to room temperature measurements. In the normal 
working range, the integration time is set to line-cycle, and the digital filter is set to 32. 

A computer s/w has been developed to control the entire process of setting tiie 
mtmochromatcM’, temperature controller, and the source-measure umt. Here it is necessary 
to ensure that enough time is given after setting tire current on voltage, and measurement 
of the relevant parameter, in order that ftie system reaches the steady state condition. 
Also, the temperature should remain constant throughout the current or voltage scanning. 


56 
















4,3.5 The set-up for quasi steady-state dark and 
photoconductivity measurements. 

Most of the data taken has been of this type, and this system (fig 4.2) has vital 
significance on a major part of the current work. The difficulty of this type of 
measurements has already been stressed in an earlier section, and a lot of effort has gone 
in to make the measurements reliable and rqjrodudWe. 

The set-up esseittially nreasures current passing Arough the device when a stearfy DC 
bias is applied across it, either in Ae dark, or when exposed to a li^t of a specific 
wavelength. The DC bias is supplied by a alkaline cell, to reduce line-frequency noise. 
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The current is measured by K602 analog electrometer, and the data is taken by using a 
nano voltmeter (K224) to sense the position of the needle, by measuring the analog output 
from the K602, which is a signal between 0 and 1 volt, depending on the position of the 
needle. The accuracy of the data is enhanced by use of the nanovoltmeter, which at 1 V 
scale has a resolution of IpV, with hi^ stability fw an integration time of 100msec. 
Thus the data is accurate up to at least 10 '*xlO'^Amperes. Further integration is brought 
about by the software after the data acquisition, by averaging over large data 

All cables are shielded, widi Teflon insulation, and the grounding conditions are very 
stringent The system is very saisitrve to noise picked up by capacitive coupling, so care 
has to be taken that there are no such disturbances ^hile the data-taking is on. 

The thermally stimulated cunent (TSC) measurements and TSPC measurements require 
very strict control in the temperature, especially in the linear heating rate. This is brought 
about by two simultaneous processes. The computer, dirou^ the GPIB inter&ce vari^ 
the temperature set-point as a functi<Hi of time, as required by the experimmit The 
parameters of Gam, Rate and Reset (PID) are preset so as to allow the temperature to 
reach the set-point without oscillations. In all cases the best linearity in the heating curve 
is obtained by keeping the Gain low so that die set-point is iiKieased just before foe 
temperature rises to that level. However in this system, small deviations from linearity 
cannot be ruled out. 


4.3.6 The set-up for transient measurements 

The difficulty in transioit studies in semi-insulating GaAs is that foere are several time- 
scales involved in transient data taken in this particular material. In most rise or decay 
curves, foere can be demarcated at least three different portions: (1 ) fest change, which is 
over within a few secmids, (2) slow change, which can take minutes, and (3)a slow tail, 
which usually at low temperatures can take several hours. 

The second difficulty is that for optical transients, and for light of large intensities, foe 
change in jfootocunent is ovw five orders of magnitude at low temperatures. These two 
conditions compounded make an extremely difficult requirement to fulfil. 
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The nature of the transient measurements in GaAs depend heavily on the intensity of 
incident light, therefore our experimental set-up can be divided into two categories ; one 
used for high intensity light, such as a laser, and the other for low intensity light, such as 
that obtained from a monochromator. 

Set-up1: Transients due to high-intensity light 

The switching on or switching off transients for HeNe laser show a very fast transient, 
within 1 00msec, followed by a slow one, till about 30 sec. Therefore two conditions are 
necessary : (1) The light is switched off/on in less than I msec, and (2) The data is taken 
immediately afterwards, by automatic tri^ering. 

The K236 in used in this set-up as it has autoranging facility, storage buffo- length of 
1 000 and fast mode of operation. Even thou^ the instrument can take data at the interval 
of 1 msec, using an integration time of 416psec. However during operation it was found 
that the S/N ratio is within the satisfactory range only if we use a 4msec integraticHi time, 
with a digital filter of two. This gives a data interval of not smaller than 20msec. 

The autoranging facility was found not usable in recording fast transients, as the scale 
changing time is of the order of ~200msec. Therefore we were forced to keep the scale 
fixed, losing in accuracy of data at tibe lower part of the transients. This effectively 
reduced ouir ^lan to the middle pOTtirm of the transient, which is present for several 
seconds. 

The laser light was switdied on /off witii a mechanical choRjer system developed by us, 
having a switch-offron time less than 0.3msec. This choj^r is connected to an electronic 
circuit which jModuces a low-to-high digital signal, which is then used to externally 
trigger the K-236. 

The data is first stored in the buffer and after ftie transient, is transferred to the 
computer. A buffer length of 1000 is used, and the time interval is set by the operator 
through the s/w developed, and can have a value higher than 20msec. 

Set-up2: Transients due to lowr4ntensity light 

The transieaits due to low intensity light are much slower than those described above, 
and can range from a few seconds to a few hours at low temperature. Keeping in mind 
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these time-scales and the fact that the cunents associated are extremely low, it is 
necessary that the measurement is done thrmi^ the K602-K224 electrometer- 
nanovoltmeter system as described earlier. The integration time used in this case is 
20msec, and it is possible to get a data at 70msec interval. 

There are two modes of operation, one used to track relatively fest changes, and the 
other used for transient data that are either very slow, or if the data for a sequence of 
operations are stored, over the space of an hour or more. The first mode uses the storage 
buffer of the K224 to store the data for the entire transient, and then transfer it to the 
computer. The instrument also allows simultaneous retrieval of data, vdiile the storage is 
taking place. This allows data to be taken in relatively fest, up to 70 msec, but it is 
difficult to monitor the progress of the transient or the quality of data. 

The normal mode of operation, which allows the data to be taken in tire computer one at 
a time, aird plotted to show the progress, has been used for all slow changing transient 
data. The interval can be as low as 0.3 sec, and iq) to any desired value. The additioruil 
advantage is the possibility of s/w controlled integration/smoothening of data which 
allows us to selectively look at or remove any oscillatory behaviour, which are sometimes 
present in low temperature transients. 

4A Specific Experimental Tips For the Present System 


The earlier section describe the Inoad opexating principles for the instrumental set-iqr. 
However, other than these very general criteia, there are also certain features specific to 
the system currently used, which can either enhance the quality of the data or introduce 
systematic errors which have to be carefully eliminated. Therefore it is important to keep 
these in mind while taking in or processing d a ta It is with this in mind that several 
important points are now enumerated. 

1. The Cn cryogenic refiigeratOT requires that the ctrfd head chamber be evacuated to 
better than 5x10'^ Tonr before the cooling is started. It has to be noted here that in the 
current system, a rotary pump is used to eiracuate the chamber through a narrow side 
tube. The tube is fitted to a T-junction, in which rme aim is connected to toe pump, while 
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on the other is mounted a tt^rmocouple gau^ for measurement of pnessure. The pressure 
thus measured from the gauge is essentially that of the narrow side tube, and does not 
indicate a proper measurement of pressure inside the miKh larger chamber. Therefore 
cooling should not be started immediately after foe gauge shows foe required pressure. 
Ideally a pressure gauge should be direcdy mounted on to the chamber. 

2. The controllability of foe temperature of foe cold head, and foe lowest temperature 
attainable depends on the thermal mass of foe cold head, and specificaliy on that of the 
sample holder. This depends not only on foe holder geometry, but also on the material 
used in making it. This can be of importance while trying to obtain specific parameters at 
temperatures near 20K. 

Anther aspect of the proUem is the temperature gradient alrmg the sample hcdd^, wfoich 
makes the exact temperature of foe sample slightly indeterminate. 

3. The stability of low intensity photocunent data, iK)imaIly in foe range of 1x10*’^ A 
— >-5xl0 ’^ A depends on various factors. Some of foem have been mentioned earlier, and 
the importance of grouruling has been stressed. 

(a) Actual operation of foe instrument has shown that foe sample holrfor has to be 
electrically connected to foe casing of foe shielded cables. These have to be connected 
tc^ether in turn to foe casing of the K602 electrometer through the body ground 
connector. 

(b) The K182 nanovoltmeter, while taking data from foe analog output of the K602 
electrometer must be put in the scale of 0 to 3 Volts. Autoscaling in not to be used as this 
shows large fluctuations in foe data. 

(c) The changing of scale of K602 has to be done manually, and this incorporates errors 
in the as foe instrumait takes some time to settle. Thus it may become to separate 
temperature dependence of low int^isity wifo photocurrent with the switching on 
characteristics of foe instrument An important offshoot of using the 5V as DC bias 
during TSC in that most of foe region of interest lies in foe span of one scale, foat is ttere 
is no need to change foe scale. 
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(d) The K602 is sensitive, even in the well grounded state to capacitive coupling to the 
objects near it. Therefore it is not advisable to approach the instrument while taking the 
data, other than to change the scale, as there may be fluctuations in the measurements. 

4- The use of s/w has to be done judiciously while taking in specially when the 
iwogram a^s for foe user to specify foe number of data that is to be averaged to form a 
single data point, that is foe s/w integration. In this material, specially for low excitation 
intensities and low temperature, cutting noise fluctuations by large averaging will also 
filter out foe slow oscillations that are grarerally present 

In the I- V characteristics, it is necessary to set the waiting time necessary at each voltage, 
before the corresponding current is recorrfed, depending on the nature of the transient 
This will further be a function of tanperature, spectral range and excitation intensities. 
Another way is to do a scan up and down and to look for hysterisis loop. 

5. The HeNe Laser source used shows very slight but discemable fluctuations in foe 
intensity, which may arise from the power supply. This may tend to make the 
photocunent a little noi^. 

6. The development of interface s/w also requires understanding of various difficulties, 
which are specific to foe instruments used. The instruments individually possess their 
device-dependent cmnmands, which are usually terminated by a particular character. For 
the monochrcMnator, foe parameter is the carriage return. It has been noticed however that 
GPIB programming requires the passing of an extra carriage return command without 
which the program may hang. 

4.5 Details of the Sample 

The material used in this study is cwnmeicially sourced (Hewdett-Packard) liquid 
encapsulated Czochralski (LEG) grown undoped semi-insulating gallium arsenide (SI- 
GaAs). From earlier studies, the sample is known to be lightly n-^ with resistivity 
~10^ fi-cm. The cmrtacts are made usir^ AuGeNi alloy which is vacuum evaporated and 
annealed in flowing Hi at 450®C. The contact geometry is planar, and distance between 
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contacts is 3inni. Gold wires are epoxy bonded onto the contacts. The sample is mounted 
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on a TO-5 header, and annealed at 170^ for 30min prior to the ejqieriments. 

The sample is mounted cm the holder as shown in fig(4,3(a)) in the chamber (fi^4.3 (b))), 
and the experiments described in the next chapter are perfomied. 
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Sample Chamber with Sample Mount : Top View 



Flg4^(b) 




Chapter 5: Results and Discussion 

5.1: Pre¥ious wodk 

5.2 : Experiments Conducted for PreUsninary studies 

1 . Set Current-Measure Voltage 't-V plots 

2. Photocurrent-Voltage plots for different excitation intensities 

5.3: Experiments Conducted: Main 

5.3.1 Therm^ Stimulated Current Measurement 

5.3.2 Design of Experiments: 

5.3.2.1 High Photo-Intensity Studies 

1 . Traps kiitiaiiy empty. Temperature depefxjforx:e of photocurrent tor 
different excitation intensities 

2. Traps initially partially or compl^dy fiHed with much larger than bsHXi 
gapight 

TSC studies 

3. Initial trap with sub-4>andgap light 

Effect of IR exposure prior to laser TSC 
TSC with IRfiirmg only. 

Absence of related photoquenching 
TSPC after IR exposure 

5.3.2.2 Low photo-irrtensity studies 
Effect of IR on response times 

54 Other Experimeiits 

1. Observed Hist^Jities during TSC measurements 
2.Switchlng^)ff transients at different temperature 
3.0bservalion of low frequency oscilations (LFO). 
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Chapter 5: Results and Discussion 


The results of photoelectronic characterizaticm ejqjeriments performed in this work rm 
Semi-insulating GaAs are described in three distinct parts. First we show briefly the 
results based on an earlier work, and then devote several sections to the main bod|y of the 
work. In the last section we collate interesting results which can form the basis of a full- 
fledged future study. 

5.1: Previous work 

The sample and its gpomeby used in all foe experiments have alrea^ been detailed in 
the last chapter. 

The experiments previously conducted in our laboratory tried to give an overall picture 
regarding the various trap levels in foe samite under scrutiny. It also provided the basis 
for choice of experimental conditions such as ohmic nature of tire contacts and foe 
photocurrent levels. 

Current-voltage scans conducted for both photocurrent and dark cinrent at various 
temperatures shows that contacts are ohmic only for a narrow voltage range (-9 to 9 volts, 
typically). Using this guideline, the photocurrent measurements as a function of 
temperature has been always ctHiducted with a voltage source of 5V DC, ^^ch lies 
within this stipulated range. 

Thermally stimulated current spectroscopy is a simple and efficient way to obtain a 
detailed and complete Fttcture of foe trap levels present in the sample. The various trap 
levels that has been obtained firan the TSC measurements are detailed latear. 

The other important observation was that quenching of intrinsic jfootoconductivity with 
IR radiation at low temperature, as normally cxpecMcA in such samples, was ng4 obtained 
despite repeated attempts. The established understanding of the photoquenching 
phenomena, is that at low temperatures, the exposure of the SI GaAs to IR li^t causes a 
transition of foe mid-gap level ELI, throu^ a configurational change. The new state 
created called EL2* is metastable, and is insensitive to light This very visible phenonrena 
was not observed in our samples, necessitating a detailed study. 
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5.2 : Experiments Conducted for Preliminary studies 

These studies are a continuation of the prdtnunaiy studies nrentioned above, so as to 
delineate the region the region of I-V characteristics, where the properties of the contacts 
are least pronounced, and the parameters thus obtained are essentially those of the bulk 
material. 

1. Set Current-Measure VoHage 'I-V plots 

This is a study which can be considered as complimentary to tbe set-voltage-measure- 
current data obtained earlier. Tbe earlier data ^lows clearly diat at low temperature, tiie 
current saturates very rapidly beyond the ohmic region. Therefwe it is more convenient 
to set current and n^asure voltage in order (fig (5.1)) to look into the detail of file low 
current points behavior. The data obtained is however identical to that obtained by setting 
voltage and measuring cunent 

2. Ptiotocurrent-Voftage plots for different excitation intensities 

It is necessary to obtain photocurrent I-V plots for different intensities of light to find a 
safe region of operation for later experiments. Fig (5.2) shows such plots for two different 
excitation intensities. The data shows that apart from the very large magnitudinal change, 
the nature of file plots remain same, for examine the saturation voltage is seen to be 
independent of the excitation intensity. Tliis eliminates the possibility that the 
photocurrent-temperature plot taken at 5 Volt DC biasing, will deviate from the ohmic 
region and show junction effects for any irradiation condititm. 

5.3: Experiments Conducted: Main 

5.3.1 Thermally Stimulated Current Measurement 

The essential feature of Thermally Stimulated Current (TSC) is that fiie trap level of the 
sample is selectively filled at a temperature where there is iwt enough thermal energy to 
re-emit the stored carriers. This filling of traps can be designed, such that selective traps 
are filled, or that the traps are filled only partially. The first is brou^t about by fiie 
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selection of excitation sources, which can be extrinsic, that is lower than the band gap, or 
intrinsic, that is, larger than the band gap. The filling intensity and time can be varied to 
partially or completely fill the traps. 

The TSC is essentially the dark current measured after initializing the sample 
preparation by selectively filling the traps at low temperature. The rise in temperature 
gives the carriers enou^ energy to be freed, and the presence of friese free carriers give 
rise to a peak in the current, indicating the presence, and state of filling of the traps. The 
TSPC is similar in nature, except that the photocurrent is measured instead of the dark 
current 

A standard TSC plot fi>r SI GaAs obtained by us is shown in fig (5.3). From such plots 
by varying the rate of heating the trap paramet^ such as the activation energy and tibe 
capture cross-section can be obtained. The results thus obtained are seen to be identical to 
the reported values for this material, and are {xesented in table (5.1). The TSC result 
shows that our sample is similar in characteristics to those reported in the literature for 
undoped semi-insulating GaAs. 


Peak 

Our Result 

Reported Result 

Temp 

AE ( eV) 

0 ( 

AE (eV) 

<y (cm^) j 

95 

0.14 

QSHQII 

0.16 

10-*^ 

120 

0.32 

2.38 X 10 

0.24 

4 X 10 '^ 

145 

0.30 

4.16 X 10 '^ 

0.32 

4 X 10 ‘^ 

200 

0.45 

1.71 xlO'^ 

0.44 

2 X 10 '^ 

220 

0.65 


0.53 

3 X 10 *^ 


TaMcSwl Trap parameters obta&Md firooi TSC mcasurcanents cm nndoped Sf-GaAs 

The phenomena of photoquenching in SI GaAs, have been described earlier. Standard 
literatiu'e indicate a pres^ice of a very large craic^tration of a defect state at the mid-gap 
level, called EL2, whose concentration pins the Fermi level at this center giving rise to 
the semi-insulating property. The excitation of intrinsic light, e^jecially ligjrt in the range 
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of 1.0-1. 2 eV, has a very distinct effect on this trap level. There have been Aree 
contrasting reports in this regard. Bube*^ has shown that the l.leV excitation queocAes 
Ae photocunent completely, and the jAotocurrent reduces by over 99%, and can be only 
generated by a Aermal annealing process over 120K. Jimene^'^ has shown a different 
phenomena, that the sam^^e on exposure to h'^t shows first a partial quenching, and Act 
an "optically enhanced defect reaction” wfaidb shows a rise in photocurrent after Icmg 
exposure. Desnicc^^ has Aed to explain Ae diverse phenomena, stating that the low 
intensity inAnsic light shows an enhancCTtent and Act a querKhing, which does not 
come out of any structural change in Ae defect levels, but is due to a change from Ae 
nature of the defect state from a trap level to a recombination CCTter. 

The Astinct feature that indicates Ae mvolvement in Ae metastability of the EL2 level 
has been Ae Aarp regeneration of Ae {Aotocunent at a temperature over 120K, where 
Ae metastable configuration becomes unstable. The attempt has been here to understand 
Ae interaction of Afferent li^ts, boA extrinsic and inAnsic, on the state of the trap 
levels present. 

5.3.2 Design of Experiments 

The distinct feature of our sample is Aat while it bdhaves as any normal undoped SI- 
GaAs as far as trap characteristics observed in TSC, Ae {hotoquenching signature is not 
observed. All experiments are designed keeping this Afference m mind Some of Ae 
experiments were originally designed to test whether for some reason of experimental 
artifacts we are not bang able to observe photoquenching in the sense of conversion to 
EL2*. However it must be borne in mind Aat EL2 Astribution in wafers of SI GaAs 
fluctuates widely even in Ae same wafer, and characterization of positions of wafer 
having low EL2 concentration have not attracted Aat much attention, though EL2 
mapping is a standard industrial {xocedure today. Before we go into details of the results 
we give below a classification of experiments Aat are discussed m Ae following sections 
to give a helpful guide-map of what follows in Ae rest of Ae chapter. 

The various initial cwiAtiOTS can be Avided into two broad Avisirms. intensity 
stuAes and low intensity stuAes, dbpenAng on excitation intensities 
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High photo-IntensHy studies 

The direction has been ^nerally to lot^ at the optoelectronic properties of the samf^e 
through either TSC or TSPC after different initial pwreparations. 

1. Traps initially empty 

Photoconductivity-Temperature studies with different photocurrent intensities 

2. Traps initially partially or completely filled with much larger than band gap light 

TSC studies 

3. Traps initially partially or completely filled wift sub-bandgap li^t 

TSC studies 

TSC studies after exposure to high intensity larger than band-gap light 
TSC studies after partial or complete unquenching by annealing at higher 
temperatures, and then e^qxisure to high intensity larger than baiKi-gap light 
TSPC for 676nm light 

Low Photo4ntensHy studies 

Here the stress is on transient measuremmfs, after suitable sample preparation, and on 
TSPC, both of low intensity 676nm light The sample initial conditions used are; 

1 . Traps anpty 

2. Sample exposed to sub-bandgap light 

3. Sample ejqposed to high intensity white light to fill all traps, and ftien sub-bandgap 
light. 

6.3Jr.1 High Photo-Intensity Studies 

1. Traps initially empty: Temperature depemlence of photocurrent lor 
different excitation intensities 

The temperaiure dependence ofphotconductivity of GoAs, with the intensity of excitation 
source as a parameter, brings out several interesting features. The tenperature 
dependence can be broadly broken into three parts, a fiaill in photocurrent with deoease in 
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temperature in the range of 300 to 200K, peak-lflce features in the range 100 to 200K, and 
a low temperature (< 80K) shaip rise in photocurrent with lowering of temperature. 
Figure (5.4) shows typical plots, where the current is plotted in logarithmic scales, to 
facilitate comparison of photocurnents differing in magnitude by five orders. Similar 
peak-like features were reported for GaAs in the 60*s but were not analy 2 ed in detail 
The important pmnt to note is that these peaks or shoulders observed are not due to 
thermal activation, as in TSC, as there is almost no difference in the data taken wWle 
heating at different rates as well as b^wcCT die heating and cooling curves. (fig(5.5)) 
TTiese results are diff^ent firran diose reported by Desnica who has shown a direct 
link between the thermally stimulated mnrent peaks and those preset in 
photoconductivity due to low intensity excitatioiL Later, we do show similar r^uhs for 
low intensity excitation. In an earlier work in our laboratory, the major peak at 140K in 
the frfiotoconductivity-temperature plot fiwr tugh intrasity excitatirHi, was linked to the 
dependence on mobility, assuming that die lifetiine does not play a significant role. 
However in low intensity data the lifetime dependence is brought out in detail, as it 
shows that there are two shoulders present and die position of diese shoulders shifts to 
higher temperature for higher intensities (fig (5.6)). These shoulders which rei»esent 
transition from higher to lower sensitivity has been termed thermal quenching, and occurs 
when an impurity level changes from acting as a trap to ^:ting as a recombination centre^. 
In a material in which the majority carriers are electrons, the change from a 
recombination center to a hole trap widi decrease of temperature causes the number of 
free holes to decrease, thereby increasing the electron lifetime. This caus^ the sensitivity 
to increase sharply. This change in the nature of an impurity center can be alternatively 
understood as the motion of die hole demarcation level, which crosses the tr^ level at 
this transititm temperature. 

In our data^ we can see the presence of two such transitions in two different temperature 
ranges. The transition temperature is pres«it where the demarcation level crosses the 
defect level, and the c<Miditi<Mi satisfied can be expressed as 


ta(n) = In 
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El 
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so, if the photocunent is taken as a measure of n, ,ve can plot \n{photocurrera ) vs. 
1000/7’ (fig (5.7)). This has been fitted to a straight line and the energy of the trap level £) 
can be obtained from the slope. Such studies have been earlier done in great detail for 
several photoconductors such as GaSe. GaAs, CdS and CdSe much earlier’^ 

The energy values obtained from the process described above for the two transitions 
present is found the be very similar to the activation energy for the two major traps seen 
in the TSC data, and the shoulders are paesent at rou^y the same temperatures as the 
relevant stimulated current peaks. Also the TSC plots show that these two peaks, at 
~1 30K and 200K are the two m^or peaks present, and l^nce represent the mryor traps in 
the sample. Therefore it is logical to suggest that the thermal rpuenching data and the TSC 
point to the same traps. 


The low temperature rise of photocunent with decrease in temperature (fig (5.8)) is due 
to the change in trap filling, due to the shift in the quasi-F^mi level, rather than the 
change in capture cross-section of the dominant EL2 traps. This can be understood by the 
progressive change in slope of the plots with change in excitation intensity, which would 
have remained constant, that is the lines would have remained parallel, if the quasi-Fermi 
level did not shift The change in quasi-Fermi level is calculated from the slope of the log 
of photocunent vs. 1000/T plot 

The temperature dependence of photocunent in this regicHi can be written as 
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/ = Cexp|^ 
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From fitted results shown in .(fig (5.9)), the Af = (Ej-Ei} is obtained for five diffeient 
excitation intensities (fig (5.10)), The change in A£ with excitation intensities is shown 
for five different intensities. The shift in Fermi level is seen to tend to saturate for large 
intensities. 
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2. Traps initially partially or completely filled v«th much larger than band 
gap light 

TSC studies 

This has been carried out earlier, using a diode laser (676nm), and the results are 
tabulated in Tab (4.1). The attempts to obtain quantitatively the trap filling times by 
progressively increasing the low temperature exposure time, and trying to obtain the 
number of traps filled fiom the height of TSC peaks showed tire there are some unusual 
behavior associate in the process, and that the traps have distinctly different filling rat^. 

3. Initial trap Filling with sub-bandgap light 

Effect of IR exposure prior to laser TSC 

Since TSC is a convenient tool to monitor traps in SI samples, it is natural to ask what 
changes, if any, occurs to TSC spectrum due to laser filling if the sample is exposed to IR 
band prior to conventional TSC. This is shown in fig (5.1 1) for jxogressively increasing 
IR exposure time, keeping all other parameters such as filling time with intrinsic light and 
heating rate constant. It clearly shows that he TSC spectra remain qualitatively same, 
except for the feet that all the traqr related peaks show a decrease in current with 
increasing IR exposure time. Note that none of the peaks get selectively [Aotoquenched. 
The process of decrease in TSC peaks can be reversed by heating the sample to a higher 
temperature such as 120K arxi 1 lOK. This is demonstrated by (5. 12) vdrere the sample 
is annealed for varying durations at 120K after IR exposure and then cooled down to 25K 
to begin the conventional TSC measurements after laser filling Note again that all the 
peaks recover similarly. 

Fig (5.13) shows a similar behavior for another annealing temperature of llOK. The 
undulations in the spectra at aroundl30K is due to oscillations to be described later in 
detail, and is nert to be confused with changes in tire peak striKture. 

Since the TSC sqpectia qurach with IR exposure and unquendi wife annealing at hi^ier 
temperatures, and further fee peaks show similar behavior, we are left with choice 
between the follovring alternative explanation. 
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Either (i) an traps observej Ihroagh ISC spectra hare similar origin so as to Jispltg, 
Similar phoioquenchmg behavior. 

Or (ii) none of the traps are individtially ejected, but occiqxjtion of a recomhinedion 
centre controlling the lifetime of the carriers are altered so that the current level 
recorded is different only because of change in lifetime and not due to concentration of 
carriers emitted. 

Clearly the first explanation is physically unj^usible, since it requires same chemical 
origin for all traps. The second ex{danati<Mi is mud more natural, since it is q[uite 
possible that one is being able to change the occupation of the lifetime controlling 
recombination center (by DR. induced transitions aiui their annealing ) thereby changing 
the lifetime of carriers released from all tr^rs. Clearly, photoquending accompanied by a 
transition to a metastable state as such need not be invoked here. 

TSCwithIR filling only. 

It is interesting to ask the question what happens to the TSC spectra if the traps are filled 
only with IR band, and the step corresponding to the band to band generation with laser 
light is eliminated. This is shown in fig (5.14) for two different filling times. It is to be 
noted that the filling times in this case is mud larger than those used in the jxevious 
section. The dominant peak in the spectrum is now at 135K. This b a trap distinct fiom 
those observed in the TSC spectra for filling with intrinsic light Filling the traps in this 
case occurs throu^ a band to trap radiative transitirm rather than fiiermal capture of 
photogenerated carriers fiom the band. Thb awifimis that die IR radiation b able to fill a 
different set of traps than those filled by intrinsic light 

Absence of EL2 related photoquenchlng 

As exi^ained in chapter 3 , the quenching of photoconductivity in the IR is considered 
to be the signature of dominant EL2 traps in the undoped SI GaAs. Fig (5.15) shows a 
typical photocurrent transient at sufficiently low temperature when irradiated with 
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subbandgap IR band (<1 . leV). Cleariy the photocunent saturates without giving rise to 
any quenching. Note that the level of current is as high as 44nA, and hence absence of 
photoquenching cannot be attributed to insufficiency in the intensity of IR light. 


Our experiments to crf)serve qu^iching of photoconductivity is best summarized in fig 
(5. 16) photocurrent with intrinsic light increases with cooling as shown in A-^ B portion 
of the figure. At point B the radiation is changed to high intensity white li^t whi<A 
included IR. The BR component is so intense tihat we see heating of the sample with larger 
photoconductivity as in B->C. Any quenching is expected to have occurred during this 
phase. At a point C the radiation is switched back to 676nm (intrinsic light)- The 
photocunent is now lesser by a small factor, and continues to be less than the AB portion 
on cooling (D->E). 

The negligible difference can be attributed to change in lifetime of photogenrated carrier 
due to change in occupation of life-time controlling recombination center than that of any 
metastable removal of traps due to quenching. 

TSPC after IR exposure 

Any thermally stimulated processes related to pbotoamductivity can also be studied in 
experiments similar to TSC. They are referred to as thanmally stimulated photocunent 
(TSPC) experiments. The information obtained from TSPC is different from that of a 
TSC in so far as it does not relate to thermal release of carriers from the trap. Any 
thermally activated process controlling the lifetime of the photo^nrated carriers would 
show up as peaks. 

Since we have obtained evidence of change in lifetime on IR exposure, the process can 
be further studied using TSPC. A typical plot for different exposure times of IR is shown 
in fig (5.17). For unquenebed sample (no IR exposure), toe PC shows a broad maxima at 
about 125K. On progressive increase in quenching time, tiie photocurrent peaks decrease 
and separah^ out into resolvable features. Howcvct the proof that the peaks indeed 
correspond to thermally activated processes would owne from dependence cm heating 
rates as in TSC. TSPC plots for different heating rates for the same amount of prior 
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quenching (10 minutes of IR exposure) are shovm in figure (5.18) where the curves are 
shifted in the y axis for convenient comparisons. Note that the peak at 125K (labeled A) 
does not shift with heating rate while the higher temperature peak (labeled B) shifts as 
expected of a true TSPC feature. 

The observation points to the feet feat peak A correqxMids to occiq>ancy chan^ with 
temperature due to the positimr of the quasi-Fermi level; while peak B is related to a 
thermally activated trap parameter such as photoionizaton, capture cross-section etc. 

5.3.2.2 Low photo4ntensity studies 

Effect of IR on response times 

We now go on to fiirth^ investigate flie role of IR in controlling the respmise to 
intrinsic li^t using temporal development of pAotocurrent We limit the intensity of bofii 
the intrinsic light and IR to low levels, so that the switching times are slow enough to be 
within the range of our experimental set-up. These experiments are condiKted at 25K in 
order to suppress any thermal generation eflects. 

An intense white light is used to change the occupation distribution of traps and 
recombination centers needed for some of the cases described below. The sequence of 
operations to isolate the rerfe of IR is as desenbed below and shown in figure(5.19). 

(i) The sample is heated to 320K to empty all traps, and then dark cooled to 25K, and 
kept at that temperature to ensure tfaennal equilibrium. 

(ii) It is then exposed to light of X=676 nm from a tungsten lamp, using a 
monochitMnat(Mr. The rising transient has a long time constant, and therefore the exposure 
is switched off after KXX) sec, before fee steady-state oraditimi is reached 

(iii) The sample is then exposed to low intensity (as givai by fee pbotocumait) 
broadband IR radiation. The IR photocunent reaches a saturation level, and is seen to 
decay very slowly. The IR is then switched off, and the sample is again eiqxised to low 
intensity 676. The transient is seemingly identical to feat of fee firet, indicating total 
absence of any change in le^pmise time due to IR exposure (Fig (5.20)). 
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During the IR exposure, the nature of the transient sug^sts that the photocurrent is due 
to the photoionization of the filled centers. From these measurements, it would appear 
that the exposure to IR li^t has no effect on the PC transients using intrinsic light- 

However since the transients involved in the figure was too slow, a source with two 
orders of more magnitude of intrinsic light was also used fiw a similar seqtK?nce. The 
result is shown in (fig(5.21)) 

The switch on transient in diis case became too fast to be recorded, due to the decrease 
in response times with intensity. Note that the PC level due to 676nm increases two fold 
following BR. eTqposure. This is clear proof dial the low intensity IR is able to sensitize die 
photoconductor by increasing the lifetime of j^ioto^nrated carriers. This also means that 
the occupation distribution of recombination centers get changed significandy due to 
band to defect transition during IR radiation. 

Another independent way of changing the charge distribution m die band-g^ would be 
through the separation of the quasi-Fermi level using a highly intense white light This 
would lead to the filling up of many more levels in the gap. Next we describe the results 
of experiments similar to the last two except that this time the sample is exposed to 
intense white light at 25K prior to another excitation to achieve a completely different 
initial condition in occupation after white light exposure is shown in Fig (5.22). Note that 
the results are in sharp contrast to the last two as shown in fig (20,21) and listed below. 

(a) Even for low intensity intrinsic li^it, the response time is much fester and the 
transient saturates quickly. 

(b) Photocurrent tiansients during IR exposure are similar in nature but fester. 

(c) Surprisingly diough the photocunent level after IR exposure due to 676 nm is very 
small. The insert in the figure shows that the PC transient response increases very slowly 
indicating diat it is the response time that has becoine too high. 

From these experiments it is clear that the lifetime of lAotocunent carrier with intrinsic 
light gets enhanced by IR radiation acting alone. However if a different set of traps are 
filled by using an intense white light, then the same IR irradiation leads to drastic 

increase in respraise time. 
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The observations desorbed earlier are also borne out by low intensity TSPC 
experiments and their comparison with TSC results. Figure (5.23) shows two low 
intensity TSPC plots (for ISK/min heating rate) in which the curve with open circles 
indicate the one obtained after initial white li^t exposure. 

A comparison of these with TSC curves is shown in Fig (5.24) From the comparison it 
is obvious that the peaks obtained in these low intensity TSPC curves are the same ones 
as in TSC and are due to thermal generaticm of carriers from the traps. At low 
temperatures flie lifetime is higgler and hence current levels are larger. 

Therefcne tl^re is no abnqrt increase or unquenching of TSPC, as would be erqiected if 
the <]uenc^ng had been due to a structural change, that is due to metastability. Therefiire 
it can be coiKluded that this phenomena is due to die variation in the lifetime of carriers, 
which depend on temperature. Frwr the very low intensity of excitation, the heating to 
higher temperatures cause tbe quasi-Fermi level to come close to the equilibrium Fermi 
level, thus emptying the traps. This wll in turn cause the lifetime to decrease and the 
photocurrent level to come down and merge with the dark current in form of thermally 
stimulated current peaks.. 

In conjunction with TSC results obtained earlier, these are strong indicators of the feet 
that there are many discrete traps levels present in sufficient concentration so as to 
control lifetime at low temperature when filled. Also under different circumstances the 
role of lifetime controlling center is assumed by different set of recombination centers. 
This is also in keeping with our TSPC, and temperature dependence of photoconductivity 
results, wherein the shifting of demarcation levels brings about a chai^ in the nature of 
the center from trap to recombination centers. 

Therefore in undoped semi-insulating samfdes having low or insignificant amount of 
EL2 concentratioa, many of the so called unusual behavior depend on the simple SRH 
kinetics rather than any special configurational change of defects to a metastable state. In 
fact Desnica et. al. in a set of recently published papers seem to further argue that even 
the phenomena associated to EL2 could be traced to normal SRH kinetics wife 
photocxcitatioa However similar set of experiments by Look et. al. have been identified 
as that there are many traps vrith arsenic antisite as a chief constituent so that all of these 
display (XHnnKxn response to ffeotoexcitaticHi, speaally in fee IR. 
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The tenor of arguments by Desnica eLal seem to be more in line with the results 
obtained in this work. We have shown conclusively that portions of undoped semi- 
insulating do behave as normal high resistivity photoconductors with many trap levels in 
large concentrations. 


5.4 Other Experiments 

1 . Observed instabilities during TSC measurements 

We have been able to isolate consistent occurr^rce of instability linked time variation of 
current during TSC measurements for some vay specific experimratal conditions. A 
typical example of this instability is shown in figure (5.25), which is a ISC plot following 
IR exposure for 20 minutes at a heating rate of 15K/min. Note the sharp drop of curreait at 
60K and again large variatiims of current wdiae the TSC peak corresponding 130K 
would normally have been expected. These unexpected changes are due to time variation 
being superimposed on the otiierwise well charactenized temperature dependence of 
current. The oscillating feature have also been repealed in the literature^’ The conditions 
under which these oscillations are observed are as follows: 

• They are most consistently observed only w^ien flie heating rate is high (specifically 
15Kyn)in). As the heating rate is reduced, the effects diminish and flien slowly 
vanish. Fig (5.26) 

• No such oscillations are obsaved if only intrinsic tight is used to fill the traps 
initially. It is observed only When preceded by IR irradiation. 

• The occurrence of instability diminishes if the effect of IR is annealed by heating to 
a high temperature (say 1 1(T120K) and then cooling back to 25K before starting the 
experiment. This is demonstrated in fig(5.27) where the control parameter is the 
length of annealing time at 20K following IR irradiation before conducting 
conventional TSC. This can be compared to a data taken without the annealing. 

(fi8(5.28)) 
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Hence, these instabilities are certainly IR induced and have complicated dependence on 

heating rates. Similar features have in the past been observed with the quenching of TSC 
peaks. 

2.Switching-off transients at different temperature 

The raw data in presented here, for two different ejqaerimental runs (fig5.29). Each 
transient has a very fast decay portion which is below the scope of the current set-up, 
followed by a slow decay which is shown here, and finally a veiy slow decay to the dark 
current value, which is again difficult to record with foe present set-up. 

In SI GaAs the slow current transients that are observed on cessation of light is normally 
due to emission of carriers from traps that get filled during illuminatirm. This aspect is 
one of foe most studied for this material. It has bera popularly investigated using signal 
analysis techniques such as Photoinduced Transient Spectroscopy (PITS) and more 
recently using Time analyzed Transient Spectroscopy^*^. Decay transients are of 
importance as thQ^ provide an alternative route to quantitative understanding of foe 
various traps present in a material. Such results can be cranplimentaiy to foe different 
trap properties investigated by steady-state analysis. However, as has been mentioned 
earlier, the problems eiKountered in otKaining good quality transient data, which is vital 
in the mentioned spectroscopic studies, are many, and arise out of various factors. 

In this work, a beginning has been made in this direction, and decay transients have bear 
taken after exposing foe sample to high intensity intrinsic radiation from a HeNe laser. 
The experimental set-up has been discussed in detail earlier. The data is taken at intervals 
of 20msec, through K236 source-measurc unit, at various teanperatures during foe cooling 
cycle of foe sample. (>re has been taken to ensure that foe sample temperature remains 
constant throughout the transients. 

There is very high reproducibility in foe data, as the two runs show almost identical 
feature. It is seen that firstly the decay in far from mqxMioitial and also the decay time 
constant varies similarly in the two runs. The decay time-constant increases as foe 
temperature goes down, and reaches a maximum at around 130-1 10, and then again falls 
off at low temperatures. This can be qualitatively linked to flie presence of the major trap. 
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as seen from TSC data, at around 1 30K. Also the photoconductivity shows a peak at that 

temperature. 

The other observation of importance is the presence of oscillations in the decay curve, in 
both the cases. These oscillations present a major hurdle in obtaining meaningful and 
quantitative data out of the decay transients. The next section looks at these oscillations 
in more detail 


3.0bsefvation of low frequency oscillations (LFO). 

It is now known for some time that non linear current oscillations are caused due to 
instabilities in high resistivity semiconductos^^^. Such behavior has be^ observed in a 
wide variety of materials including the one under observation here. They have been 
linked to both trap and contact iiyecbon related phenomena, thou^ no cogent 
explanation of mechanism has be^ forthcoming. We will only show some of the 
conditions under which we observed such LFO. 

• Figure(5.30-31) Shows that photocurrent oscillations are dependent on the 
wavelength of radiatiem; and that this wavelength is itself dependent on temperature. 
If the wavelength of photoexcitation is being changed with time, it is possible to 
confuse these LFO with only wavelength dependent jAotocurrent oscillations. Our 
results indicate that level of photocurrent is in itself a parameter in controlling 
oscillation. 

• Oscillations observed in i^tocurrent decay transients 

These studied fall outside the scope of this work, and we will be content with displaying 
raw data of such transients for dilfferetd temperatures fiw sake of completeness of records 
as regards this sample. 
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fig 5.1 V-l Characteristics (forward and reverse) at T=30K 
Excitation source: Diode laser (676nm) 
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Rg 5.4 Intensity dependence of photocurrent^empefature plot 
Source = Red diode laser (676nm) 




Rg 5.5: Photoairrent-Temperature for low intensity 
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5.8 Low temperature rise in photocurrent 
for different excitation intensities 




ffg 5.9 Data for photocunwt-tBmperature plot 
for different excitation intensities 
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Fig 5. 1 1 The TSC for a 6 min exposure of HeNe Laser is tsicen 
after being exposed fa different times 
to subbandgap radiation fron an iR source 
With a Si Fiter and a thermal Filter 
Rate of temperature rise = 15 K / nf>in 
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Fig 5 ' 12 The Sample is BqxJsed to IR (Si Filter + Hiermal Filter) fir 10 min at ~26K 
Heated to 120K and kept fot varying lengths of time 
Cooled to ~25K, oqxKed to HeNe laser for 5 min 
TSC measuremraits are done @ 15K/min 





fig 5.13 The sample is exposed to IR (WL with Si filter+Thermal filter) 

For 10 min at ~20 K 

Heated to 110K, and held for different times 
Cooled to ~25K, Exposd to Laser (HeNe) for 5 min, 

TSC measurements taken 
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fig 5.16 Experimental plot to show the absence of 
large photo-quenching 
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Fig 5.18 The Sample is exposed to iR radiation at low temperature 
Using a IR lamp with SI filter and Thermal Filter for 10 min 
The Photocurrent are recorded for different heating rates. 
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fig (5.19) Low intensity experimental procedure 
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fig(5.23) The samples are dark cooled to 20K, and then exposed to; 
samplel: 676 nm, IR, 676 nm in sequence 
sample?: white light, 676 nm, IR, 676 nm in sequence 
Photocurrent-Temperature data taken with 676 nm 
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fig (5.24) Sample dark cooled, seguentially exposed to 
1) Flash of white light 2) 676 nm. 3) IR, 4) 676 nm 
TSC, PC measured, heating rate 16K/min 
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fig (5.25) Sample Illuminated IR LAMP for 20 min at 25K 
TSC taken with heating rate = 15K/min, 
showing instabilities at 60K and --1 30K 

— i 

! 


107 




fig (5.26) Sample exposed to IR light for 20 min at 25K 
TSC taken at different heating rates 108 
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fig (5.27) The Sample is Exposed to IR for 10 min at ~26K 
Heated to 120K and kept for varying lengths of time 
Cooled, exposed to HeNe laser for 5 min, TSC done @ 15K/mln 
Shows lower occurance of Instabilities at 60K 
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Chapter 6: Conclusions 


Semi-insulating gallium ars^de has been traditionally an enigmatic material especially 
m its photoelectronic properties. Even after many decades of intense research, it is still 
defies a complete and coherent understanding. The history of research in GaAs ha^ 
passed throu^ various phases, and it has been the norm, since the mid eighties, to 
attribute most of its properties to the presence of a mid-gap level due to a native (fefect 
termed EL2. This level, which is indeed present in many samples in a very lar^ 
concentration, and does indeed control the electronic properties of these samples to a very 
large extent, has been gen«ally the focus of attention. However, in many samples 
depending on vanous factors such as growth conditimis, and position in tlw wafer, EL2 is 
present in a very low concentration, and is no longer the dominant center. In such 
samples many other trap levels and recombination centers play important roles in 
determining the various properties of the matenal. The aim of this worh has been to focus 
on such a sample, and investigate the various photoelectronic phenomena in orcter to 
understand the role of defect centers. 

General characterization has been carried out to demarcate the experimental parameters, 
and also to obtain an understanding of the various traps present in the material trough 
thermally stimulated current measurements. Steady state |rfiotoconductivity 
measurements were carried out for a large temperature range firom 20K to room 
temperature, and for a wide range of excitation intensities. Thermally stimulated current 
and thermally stimulated {Aotocunent measurements have been done for different initial 
conditions of trap filling at low temperatures. Time domain measuimnents have also been 
carried out in such cases. 


The conclusions derived from the various ejqreriments are itemized below. 

1. The Thermally Stimulated Current measurernenls generally carried out to characterize 

the various trap levels present shows that the sample exhibits the presence of traps 
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normally present in semi msi^ating GaAs, showing six traps with two dominant ones 
with activation energies 0.32 eV and 0.45eV. 


2. The temperature dependence of photoconductivity due to intrinsic light (676nm), with 
intensity as a parameter shows that 

(i) At low temperature (50K->25K) the temperature dependence is controlled 
by position of quasi-Fermi levels which in turn are controlled by light 
intensity. 

(ii) The two traps at 0.3eV and 0.45eV have been inferred &om presence of 
two shoulders in the plot, which has been attributed to the temperature at 
which demarcation levels for these traps coincide with the trap level. 
These values are in agreement with the dominant traps observed in the 
TSC spectrum. 

3. Little of no photoquenching is observed with high intensity IR li^it, an observation in 
direct contrast to behavior in samples containing large concentration of EL2 

4. IR radiation tends to quench the TSC peaks simultaneously, but with slightly 
differing rates. An isothermal anneal at temperatures of IlOK - 120K recovers the 
peakhei^its. 

5. The quenching behavior observed can be explained on the basis of change in the 
occupation of lifetime controlling recombination centers with IR radiation and 
temperature. The bbsoved IR quenching is not due to any configurational changes of 
defects or metastability. 

6. The thermally stimulated photocunent data for different heating rates show that of the 
two peaks observed in such a plot, only one of them presents a thermally activated 
process and tiie other only exhibits temperature dependence, being too fest a process 
for the heating rates used. 

7. Low temperature lAotoconductivity transients with specially designed sequence of 
operation with white light, IR and 676iun shows that 

(i) Intense white li^t desensitiaes the photoconductw due to filling of centers in 

the gap. 
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(ii) The sensitizing ability of IR radiation is dependent on die initial occupation 
distribution of centers, indicating that the dominant center controlling lifetime 
can be changed with proper choice in initial conditions 

8. Temperature dependence of {Aotocuirent due to very low intensity excitation show 
TSC peaks riding on the pbotocurrent This furtlKir shows tiiat the lifetime of carriers 
is a function of temperature and that the current levels associated with the traps are 
affected due to change in lifetime of carriers released from them. 

9. During the course of the wmk, oscillating photoconductance at low temperature was 
observed under various experimental conditions. They r^ed to be studied in detail in 
order to isolate the critical parameters and the nature of instabilities. 

10. The photoconductivity decay transients at different temperatures have been measured. 
This shows that the decsy is controlled by emission from different traps at different 
temperatures, and that low ftequeiKy oscillations ride on the transients. 

In summary, we have set-ip experimental facilities for a host of |Aotoelectromc 
characterization eiqjeriments in the temperature range of 20K to 300K, and used this to 
characterize undoped SI GaAs using both conventional and designed experiments. 

We have shown by focussing on a typical undoped SI GaAs sample that conventional 
Shockley-Mead-Hall kinetics is adequate to explain IR quenching of trap activity in 
samples containing tittle EU centers. We have presented data which can form the basis 
for a full scale investigation into current instabilities and developnent of better 
characterization tools for SI GaAs 
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